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SUMMARY 
 
This thesis examines the thermal hydraulic feasibility of a power upgrade of 
the JEEP II research reactor at Institutt for Energiteknikk (IFE). The 2 MWth 
reactor is modelled in Matlab, a programming language and numerical 
computing environment. The Matlab script will execute calculations for a fuel 
pin within a fuel element and the surrounding heavy water, and find heat 
transfer characteristics, heat fluxes and temperatures.  A conservative 
approach is taken, resulting in maximum values for temperatures and heat 
fluxes. Tabulated and empirical values from the reactor operation are used to 
verify the validity of the model.  The model of the 2 MWth reactor is then 
extrapolated to a power of 5 MWth. Mitigating measures to reduce the 
associated high temperatures from the power extrapolation are taken in the 
Matlab script. The upgrade is deemed feasible when the 5 MWth fuel pin 
temperatures and heat flux are equal to or lower than the 2 MWth 
temperatures and heat flux.  
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SAMMENDRAG 
 
Denne masteroppgaven undersøker hva slags innvirkninger en 
effektoppgradering av forskningsreaktoren JEEP II vil ha. Reaktoren, som har 
en termisk effekt på 2 MW, er modellert i Matlab; et programmeringsspråk 
som opererer i matriser. Matlab-skriptet vil utføre beregninger for en 
brenselspinne i et brenselselement og tungtvannet som sirkulerer i 
brenselselementet. Matlab-skriptet utformes for å regne ut brenselspinnens 
forskjellige temperaturer og varmefluks. Beregningene utføres med en 
konservativ fremgangsmåte, noe som resulterer i maksimumsverdier av 
temperaturer og varmefluks. Tabulerte og empiriske verdier fra reaktorens 
operasjon er brukt for å verifisere gyldigheten til modelleringen, og modellen 
ekstrapoleres til en ny termisk effekt; 5 MW. Tiltak gjennomføres for å 
redusere de tilhørende høye temperaturene fra ekstrapoleringen. 
Oppgraderingen er vurdert som gjennomførbar når 
brenselspinnetemperaturene og varmefluksen ved 5 MW er lik eller lavere enn 
brenselspinnetemperaturene og varmefluksen ved 2 MW. 
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1. INTRODUCTION 
 
RESEARCH QUESTION  
 
The topic for this thesis is the feasibility of a power upgrade from 2 to 5 MW 
of the JEEP II heavy water research reactor.  This would lead to improved 
research facilities, however, there is a need maintain fundamental properties, 
such as heat flux and fuel and cladding temperatures, of the reactor at the same 
level as for the present reactor due to safety reasons.  
From this follows the research question of the thesis: can the temperatures and 
the heat flux in the fuel pins of the reactor be kept at 2 MW levels after a 
power upgrade from 2 to 5 MW? 
As a nuclear reactor is a complicated technological system, such a feasibility 
study calls for careful consideration of limitations in the thesis, previous and 
similar efforts in this regard, the methodological approach and assessment of 
the results. This constitutes the main parts of this thesis as presented below. 
 
THESIS APPROACH AND S TRUCTURE 
 
The methodological approach is to model the 2 MW reactor in Matlab. This 
model is then verified on the basis of empirical values from operation of the 
reactor. The temperatures and heat transfer properties of the fuel and heavy 
water are identified through calculations of convective and conductive 
properties.  
The results from modelling the present 2 MW reactor are then extrapolated to 
5 MW, yielding higher temperatures in the fuel pin and the heavy water. The 
resulting fuel cladding temperatures in the 5 MW model were 100˚C above 
the results from the 2 MW model. This increases the possibility for a departure 
from nucleate boiling at the fuel pin cladding surface. The resulting fuel centre 
line temperatures in the 5 MW model were 1 800 ˚C higher than the results 
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from the 2 MW model, and above the melting point of uranium dioxide. 
Mitigating measures include changes in the geometry of the core and the fuel 
elements, and changes in the volumetric flow rate. This reduced the overall 
fuel pin temperatures. The mitigating measures were then combined, aiming 
to reduce the temperatures further down to the levels associated with 
operating the reactor on 2 MW.  
Chapter 2 described the status today for commercial and research reactors. 
Chapter 3 contains the theory necessary to model the heat transfer in the fuel 
pins and the heavy water in the reactor. This includes basic heat and thermal 
hydraulic equations for conductive and convective heat transfer in different 
geometries and aggregates. This chapter also addresses nuclear physics theory, 
introducing, describing and applying the fundamental concepts. This is 
included as the topic is based on a nuclear research reactor.  
Chapter 4 presents the method and the empirical material for the thesis. This 
includes the schematics of the core and the primary coolant circuit system, 
and the flow scheme of the heavy water in the primary coolant circuit. The 
empirical values from the operation of the JEEP II are listed here. The chapter 
then describes the modelling of the 2 MW reactor, beginning with the 
assumptions used as a basis for the model, leading into how the heat transfer 
from the fuel pin to the heavy water was found through different flow 
correlations. The heat equations for finding the temperatures from the 
cladding of the fuel pin to the fuel centre line are then presented, including 
considerations on sensitivity and data uncertainty analysis. Then the 
extrapolation to 5 MW is shortly addressed.  
Chapter 5 contains the results from the application of the 2 MW and 5 MW 
model. Firstly, the fuel pin temperatures and the heat flux are presented as a 
distribution peaking at the midpoint of the fuel pin. The different Nusselt 
correlations for the flow regime and the following heat transfer coefficients 
are also included here. The mitigating measures are then introduced, starting 
off with the considering the options for geometrical changes. Then the effects 
of increasing the volumetric flow rate are described. Lastly, the combined 
effect of increased volumetric flow rate with constant heavy water velocity 
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through a fuel element and the two most promising geometrical measures is 
considered qualitatively.  
Chapter 6 discusses the 2 MW and 5 MW model. The discussion considers 
safety, the feasibility of the 2 MW model, and the nominal and mitigated  
5 MW model and the various mitigating measures. A short error analysis is 
included in chapter 6. Chapter 7 contains the conclusion of this thesis. 
 
LIMITATIONS  
 
This thesis covers mainly the potential and constraints regarding thermal 
hydraulics associated with the upgrade to 5 MW, this means that the nuclear 
physics part of the reactor of fission within the fuel pellets and the associated 
neutronics is addressed only when necessary. The focus of this thesis is the 
heat flux and the temperatures in the fuel pins, which is why the modelling 
script only calculates the heat flux and the temperatures for the fuel pins and 
the surrounding bulk of heavy water. The circuit systems of the primary, 
secondary and tertiary coolant loops are not considered, i.e. the script 
calculates the properties only for the fuel pins and the surrounding heavy 
water.  
 
PREVIOUS WORK  
 
A literature study was carried out to find previous work done on research 
reactors, where the alteration or upgrading of research reactors were of special 
interest. Previous reports on an upgrade of the JEEP II had been written at 
IFE, mainly focusing on a higher neutron flux for better research conditions 
and the possibility of conducting more in depth research on materials [1]. The 
proposed upgrading of the power was discarded due to the need for major 
changes to be done on the core and the reactor, and because the work load, 
down time and risks were deemed too large [2]. A report written by H. 
Sækkeseter describes an accident situation where the JEEP II core melted due 
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to loss of coolant [3]. A detailed look on the melting point of the fuel pin 
cladding for different geometries is included here. A. Lundbergs report on 
burnout calculations of the JEEP II gives a conservative burnout flux for  
2 MW [4]. The article written by H. E. Andås and Th. Ustaheim describes the 
consequences of a full stop of the heavy water circulation in the core [5]. Here 
the temperatures of the fuel pin and coolant after a reactor scram are listed. A 
report written by T. Hernes contains thermal hydraulic calculations on the 
fuel pins and the heavy water, and specifics of the core, inter alia the fuel 
elements, are listed here [6]. S. Mullet wrote an article that investigated if 
natural circulation of heavy water could cool the core [7]. This article contains 
specifics about the core, and has an appendix with useful calculations.  
A report on the High Flux Reactor in Petten, The Netherlands, has been of 
particular interest, as it describes how the power upgrading of the Petten 
reactor from its original power of 20 MW via 30 MW to 45 MW was done [8]. 
The upgrade improved the research capabilities of the reactor, and the cooling 
systems with heat exchangers and pumps were replaced. A paper from Cairo 
University included a thermal hydraulic modelling of an accident situation in 
a materials testing reactor [9]. This paper gave valuable insight in thermal 
hydraulic calculations and reactor modelling.  
 
THE JEEP  II 
 
The JEEP II research reactor is located at Kjeller, Lillestrøm, and is operated by 
IFE. The JEEP II went critical for the first time in 1966, as an upgrade from the 
JEEP I reactor [10]. It is a 2 MW low flux reactor with heavy water as the 
coolant and moderator. Since this is a research reactor that does not produce 
electricity, the power level given above describes thermal energy production, 
and this will be the default in this assignment. This means that all the listed 
powers here are thermal, when not mentioned otherwise. The upgrade was 
undertaken to make activities such as neutron physics and isotope production 
more accessible. The work undertaken at JEEP II consists of transmutation 
doping of silicon for the solar cell industry and research, material research 
with neutron optics and production of radio nuclear medicine [11].  
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The JEEP II has a low neutron flux compared to other research reactors, an 
incentive for upgrading the power. Over the years, the physicists at the  
JEEP II have become more creative in utilizing the neutron flux coming from 
the 2 MW power when conducting research and work [2]. There is a 
consensus at IFE wanting a higher neutron flux to be able to conduct the 
conventional basis research in a better and faster way, and to explore new 
experimental methods in material research [11]. There is also a wish to 
improve the irradiation facilities, primarily associated with the research and 
work IFE completes for the semiconductor industry. 
 
The term “neutron drought” was coined in the 1990’s in Europe.  The 
European Neutron Scattering Association concluded in a report from 1996 that 
there was a demand of 78 % more beam time at High Flux Reactors to be able 
to execute the current research programmes efficiently [12]. A report from 
OECD from 1994 on the availability of neutrons predicted a dramatic failure in 
the amount of neutron sources and the measuring capacity, which is shown in 
Figure 1.  The failure in the amount of neutron sources is also an incentive for 
upgrading the JEEP II.  
 
Figure 1. Changes in the measuring capacity for neutron scattering in OECD 
countries from 1960 to 2020 [11]. 
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2. BACKGROUND 
 
NUCLEAR POWER TODAY  
 
In the world today there are over 430 commercial nuclear power reactors 
operating in 31 countries [13]. The total capacity of all these reactors are 
372 000 MWe. The thermal efficiency of a general commercial nuclear reactor 
is around 33-37 % [14]. Commercial reactors operate as electricity producers, 
converting energy from fission reactions in the core of the reactors. In 2012, 
commercial nuclear power reactors provided about 13.5 % of the total 
electricity production of the world [13]. The most common models of nuclear 
reactors are boiling water reactors (BWR) and pressurized water reactors 
(PWR), where Figure 2 shows the schematics of a PWR.  
The future of nuclear energy is uncertain because of the concern for nuclear 
safety coming from large nuclear accidents as Fukushima and Chernobyl, the 
large capital investments involved in nuclear power plant construction, the 
proliferation risks and waste concerns [15].  
 
Figure 2. Schematics of a PWR [16]. 
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RESEARCH REACTORS  
 
There are today a total of about 240 research reactors in operation in 56 
countries [13]. These reactors are used for research within different fields, 
such as materials testing, the production of radioisotopes for medicine and 
industry, neutron optics and fuel testing [17]. The most common design is a 
pool type reactor where the core is a bundle of fuel elements submerged in 
water. Research reactors in Europe are amongst other the Petten reactor, a  
45 MW high flux reactor, and the FRM II in Munich, a 20 MW high flux 
reactor. Figure 3 shows an extract of the Petten reactor building. Research 
reactors operate at much lower temperatures than commercial reactors, and 
they need less fuel. The enrichment grade is usually higher in research 
reactors since a high flux is paramount to conduct research. The enrichment 
grade is typically around 20 % U-235, which means that the fuel contains 20 % 
U-235, and 80 % U-238 [17].  
 
Figure 3 . Cross section of the Petten High Flux Research Reactor in The 
Netherlands [18]. 
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3. THEORY 
 
NUCLEAR PHYSICS  
 
NUCLEAR  MASS  AN D EN ER G Y  
 
The nuclear mass is ca. 1 % smaller than the mass of its constituent nucleons; 
its individual protons and neutrons [19]. This difference is given as the mass 
defect, or in other words the energy required splitting the nucleons forming 
the nucleus. This energy is referred to as the binding energy, and helps to 
explain how stable a nucleus is and how much energy that is released in a 
nuclear reaction [19]. Mass and energy has an equivalence relationship which 
is presented in (1) 
       (1) 
 
where E is the energy, m is the mass defect and c is the speed of light.  
The binding energy directly affects the mass of an atom [20]. When 1 g of 
matter is completely converted energy equal to 20 000 tons of TNT is released. 
The scale of mass used in atomic calculations is called the atomic mass unit, u, 
where 1 u is equivalent to 931.5 MeV/c2. The mass defect of a nuclear reaction 
is usually small, but the associated energy is large due to the multiplication of 
the square of the speed of light. 
Nuclei are bound together by the nuclear force [20]. The nuclear force must 
compensate for the repulsive Coulomb force between protons; therefore there 
is an increasing amount of neutrons with respect to protons the larger the 
nucleus gets. The nuclear binding per nucleon energy thus increases, as shown 
in Figure 4. The stronger Coulomb force makes the binding energy per 
nucleon to fall from its peak point of 8.6 MeV.  
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Figure 4. Average binding energy BE per nucleon A [21]. 
 
 
F ISSIO N  
 
The nuclear reaction of fission occurs when a nuclei absorbs a neutron and 
subsequently splits into smaller parts [20]. U-235 is selected as an example due 
to its widespread use in commercial and research reactors. In a fission reaction, 
a neutron combines with the fissile nucleus of U-235 and the excited U-235 
atom subsequently fissions. A probable outcome of a fission event for U-235 
atom is illustrated in Figure 5. 
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Figure 5. Fission reaction of U-235 and the possible outcome [22]. 
 
The outcome of fission is a probabilistic process. The yield of fission depends 
on the fissioned nucleus and the energy of the incident neutron [23]. The 
possible product nuclei all have associated probabilities of occurring, referred 
to as the fission chain yield. The total number of neutrons following the fission 
also varies, with an average number of 2.43 for the fission of U-235 [23]. A 
possible result for the fission of U-235, as shown in Figure 5 is an energy yield 
of 180 MeV, released energy in the form of gamma radiation, two product 
nuclei and three fast neutrons. The neutrons from the fission can either 
continue the fission reaction with other fissile targets, or collide with other 
materials thus reducing their energy.  
 
CONT RO LLED FIS SION  
 
Fission is controlled within reactors to be able to extract the kinetic energy 
coming from the fission reactions. Commercial reactors use fuel that has 
typically been enriched to 3-5 % prior to loading into the reactor [24]. To 
increase the possibility of absorption of a neutron with a fissile target, the 
neutron energy must be moderated from higher to lower energy. Neutrons 
with energy in the MeV range are called fast neutrons and neutrons with 
energy in the eV range are called thermal neutrons [23]. Every type of 
interaction has an associated incident neutron nuclear cross section that 
represents the probability that a specific type of nuclear reaction will occur 
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when different isotopes are struck by a neutron [23]. Many different types of 
neutron incident reactions are possible, each with an associated cross section. 
The nuclear cross section can generally be grouped into three parts; 
absorption, scattering and fission, and has the unit barns, which is 10-24 cm2. 
Figure 6 shows the fission cross section of U-235. 
 
Figure 6.  Resonance region of the fission cross section of U-235 [25]. 
From Figure 6 it is illustrated that for the fission of U-235, the cross section in 
the thermal energy range is significantly larger than in the resonance energy 
range and the fast energy range. Here the probability of a neutron being 
absorbed by U-235 and subsequently fissioning is the largest, and this is why 
the neutrons are moderated to lower energies.  
Light or heavy water is used in most nuclear reactors as a moderator to reduce 
the energy of the neutrons. The moderator usually also operates as a reflector, 
reflecting the fast neutrons coming from fission, scattering neutrons back into 
the active core and increasing the neutron economy. 
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HEAT AND THERMAL HYDRAULICS  
 
Heat is defined as a form of energy that is transferred from one system to 
another as a result of temperature difference. Hydraulics is explained as the 
mechanical properties of liquids, whereas thermal hydraulics studies the 
liquids in a flowing regime [26]. Thermal hydraulic analysis involves many 
steps, and can be defined in different ways with respect to the problem at 
hand. Thermal hydraulic calculations can be used to determine the heat 
transfer between a heat source and receiving medium, it can determine 
resistances and temperature distributions, and it can determine the heat 
transfer coefficients and the thermal conductivities of a system [27]. 
Finding the heat transfer coefficient, h, is of paramount importance. The 
coefficient explains the heat transferred between the heat source and the heat 
receiving medium surrounding the heat source, i.e. the environment. The heat 
receiving medium is here referred to as the fluid. The h is a part of Newton’s 
law of cooling [28], represented in (2) 
 
                
This is the general form of Newton’s law where Q is the total heat generation,  
   is the temperature of the surface of the heat source,    is the temperature of 
the environment, or bulk, and A is the surface area of the heat source. To 
calculate the specific h value from an individual heat source to the 
surrounding fluid, the total heat generation can be reduced to the heat 
generation per heat source. This is shown in (3). 
The heat capacity law is another way to present Newton’s law of cooling [23]. 
It contains properties of the flow regime of the fluid transporting the heat, and 
also intrinsic values of the fluid. The temperature difference present in the 
 
              
 
(2) 
 
 
 ̅            
 
 
(3) 
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heat capacity law deals with the temperature of the outlet and the inlet of the 
system, and not the temperature at the surface of the heat source and the bulk 
of the fluid which (3) does. The heat capacity law is presented in (4). 
 
 
              ̇     
 
(4) 
 
 
where      and      is respectively the temperature of fluid exiting the system 
and entering the system and ̇  is the mass flow rate of the fluid, given in 
kilograms per second.    is the specific heat capacity of the fluid. The P  is here 
evaluated for the whole system, and is thus the rate of the total amount of 
generated heat. The equation is manipulated to contain other variables and is 
stated in (5). 
 
 
             (   ̇    ) 
 
(5) 
 
 
where ̇      ̇. When the volumetric rate of the fluid is known, it is more 
convenient to replace the mass flow rate with the density, , and the 
volumetric flow rate,  . (5) is used in the extrapolation of the modelling, 
together with (3). 
 
Heat transfer is by convection when the fluid is in motion and by conduction 
when the fluid layers are stationary [27]. Heat transfer in a stationary fluid is 
(when neglecting radiation) determined solely by conduction, and is given by 
Fourier’s law of heat conduction [28], which is represented in (6)  
 
 
where A is the surface area of the heat source and dT/dx is the temperature 
gradient. The negative sign is included due to heat always being transferred in 
direction of decreasing temperature.  
 
 ̇           
  
  
 
 
(6) 
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For a heat generation system with cylindrical geometry, the heat transfer from 
the centre line to the outer surface of the cylinder will need to be solved for a 
radial profile. Using Fourier’s law from (6), the radial temperature profile can 
be determined by using cylindrical coordinates, which is shown in (7). 
where the q’’’ stands for the volumetric heat generation, the negative sign 
symbolizes that heat is transferred to areas with the lowest temperature, and 
k(r) is the radially dependent thermal conductivity. The thermal conductivity 
is radially dependent since the temperature changes with respect to the 
position in the cylindrical geometry.   
 
The heat transfer coefficient can be found through a parameter without 
dimensions called the Nusselt number, Nu. The Nusselt number, given in (8), 
attempts to characterize the conditions of heat transfer for various geometries 
and flow conditions for conductive and especially convective heat transfer. 
The use of a Nusselt number is a common practice in convection studies [28]. 
 
 
   
    
 
 
 
(8) 
 
 
where k is the thermal conductivity of the fluid and    is the characteristic 
length of the heat source. The characteristic length of the heat source depends 
on the shape of the heat source.  
Figure 7 shows an axial slice of a specific geometry of two concentric cylinders 
with heated cylinders placed between the outer and inner cylinder, similar to 
the JEEP II fuel element geometry. 
 
 
 
         
 
 
 
  
(       
     
  
) 
 
 
(7) 
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Figure 7. Possible geometry for heat transfer, where the heated surfaces are 
within two concentric cylinders. 
For the specific geometry of Figure 7, the characteristic length is replaced with 
the hydraulic diameter [29]. The hydraulic diameter is expressed in (9). 
 
where A is the flow area surrounding the fuel rods within a fuel element, and 
W is the wetted perimeter. The wetted perimeter is the length of the surface 
area in contact with the flow, or the perimeter of the cross sectional area that 
is in contact with the flow.  
 
THE NUSSELT NUMBER  
 
Dividing heat transferred by convection by heat transferred by conduction 
results in the Nusselt number [26]. The larger the Nusselt number, the more 
effective the heat transfer by convection. Finding the heat transfer coefficient 
through (8) is a straightforward calculation, but finding the Nusselt number 
for a specific flow regime and different geometries is a harder task. Several 
correlations can be found for different geometries, all of them varying greatly 
and including uncertainties [30].  
 
   
   
 
 
 
(9) 
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General Nusselt correlations include the Prandtl number and the Reynolds 
number. The Prandtl number describes the relative thickness of the velocity 
boundary layer and the thermal boundary layer, and is comprised of the 
thermo physical characteristics of the fluid [28]. The Reynolds number 
describes the flow regime, and is given as the ratio of the inertial forces to 
viscous forces [28]. The flow can be laminar or turbulent, where laminar flow 
is characterized by smooth streamlines and highly ordered motion, and 
turbulent flow is characterized by velocity fluctuations and highly disordered 
motion. A turbulent flow greatly enhances the heat and momentum transfer 
between fluid particles, which also results in increased friction force on the 
surface and increased convective heat transfer rate [28]. While enhanced heat 
transfer is preferred in hydraulic design, the increased friction force leads to a 
pressure loss in the system and a larger pumping capacity is usually needed. 
In finding the Prandtl and Reynolds number for a moving fluid in a system, 
several thermo physical properties are necessary. Specifying the fluid as heavy 
water, the values are found in scientific tables [31]. Properties needed for the 
Prandtl number and Reynolds number are the following: density, specific heat 
capacity, thermal conductivity and dynamic viscosity. These values are 
tabulated for certain temperatures, and these temperatures do not always 
correspond with the temperature that is present in the core. The values from 
the table containing the properties of heavy water are not tabulated with a 
resolution of 1, so in many cases interpolation is necessary.  
The heat transfer values vary greatly in the entrance region for the heavy 
water, i.e. the region where the velocity and temperature profiles are still 
developing [29]. The profiles of the temperature and the velocity can be 
neglected if the entrance region only is a small percentage of the whole flow 
channel. For a Prandtl number of over 1, the turbulent region governs the 
flow regime, making the laminar layer very thin. The boundary layer can for 
conditions such as these be neglected [29]. 
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BOILING (ACCIDENT SITUATION) 
 
In a typical nuclear reactor, in bad accidents very high temperatures may lead 
to a vapour blanket layer forming at the cladding. An excursion of the surface 
temperature happens due to departure from nucleate boiling (DNB), shown in 
Figure 8 as the transition from point C to point C’ [29]. A design limit in 
nuclear technology is the critical heat flux (CHF) [29]. The departure from 
nucleate boiling comes in to force when the critical heat flux is reached. This 
means that the vapour coating at the surface of the cladding of the fuel hinders 
the contact between the water and the cladding. The heat transfer capability 
of water is then quickly exchanged with a blanket of water vapour, a poor 
substitute. The sudden deterioration of the heat transfer leads to a jump in the 
temperature of the cladding, and when the temperature reaches a certain level 
it is possible to begin melting the fuel rods [4]. 
 
Figure 8.  Nukiyama pool boiling curve [7] that illustrates the relationship 
between temperature and heat flux and the departure from nucleate boiling 
[29]. 
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The departure from nucleate boiling is as shown in Figure 8 where there is a 
sudden increase in temperature while the boiling regime goes from nucleate 
boiling to stable film boiling. The straight line between C and C’ illustrates the 
departure. The CHF is the value of the flux at the point C.  
Nucleate boiling is a very effective way of transferring heat, and is in fact 
desired in many reactors [23]. The departure from nucleate boiling gives a 
sudden increase in temperature at the cladding surface while the regime of the 
water changes from nucleate boiling to stable film boiling [7]. DNB only 
happens in a severe accident situation, but must be included as a part of the 
design-basis of all reactors [32].  
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4. METHOD 
 
SCHEMATICS AND DATA  
 
THE P RI MARY  MAIN  CO OL ANT  CIR CUIT  
 
The circuits are divided in to three main groups: D2O-circuits, H2O-circuits 
and gaseous circuits [33]. The heavy water circuits cover inter alia the primary 
main coolant circuit and the backup coolant circuit. The primary main coolant 
circuit removes the generated heat from the fuel pins to the secondary main 
coolant circuit through a heat exchanger. The backup coolant circuit removes 
the decay heat in the case of a failure in the primary main coolant circuit.  
This thesis only covers the heat transfer in the fuel pins and the surrounding 
heavy water; however, an insight in how the heavy water circulates through 
the primary circuit and deposits the received heat from the fuel pins is of 
interest. Figure 9 shows the schematics of the reactor tank and the primary 
main coolant circuit including the two heat exchangers HEA 1.1/1.2, the 
primary main coolant circuit pump PuA 1.1 and the backup pump PuA 1.2.  
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Figure 9. Schematics of the primary main coolant circuit including the core, 
the two heat exchangers HEA 1.1 and HEA 1.2 working in parallel, the 
primary main pump PuA 1.1 and the backup pump PuA 1.2. 
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FLOW  SCHEME  
 
Heavy water is contained within the primary main coolant circuit, and 
operates as the reflector, the moderator and the coolant. The reactor core 
contains around 80 % of the total amount of coolant in the primary main 
coolant circuit, i.e. 4 out of 5 metric tons [33]. The circulation in the primary 
main coolant circuit is driven by a centrifugal pump, the primary pump PuA 
1.1, with another pump, PuA 1.2, in backup coupled in series with PuA 1.1 
[33]. The flow chart of the primary main coolant circuit can be described as 
follows: 
The heavy water circulates from the distributing room below the reactor tank 
and up through the fuel elements in the core. Most of the flow travels along 
the 11 fuel pins in the shroud, leaving around a tenth of the total flow through 
an element through the centre tube [33]. The heavy water can leave the 
element either through holes in the side, or through the centre tube at the top. 
A sketch of the fuel element is given in Appendix A3. The heavy water exits 
the core in the outlet pipe, and enters the heat exchanger room where the 
main components of the primary circuit are located. The water is pumped by 
the main pump to the two main heat exchangers HEA 1.1/1.2, and further on 
to reach the distributing room under the reactor tank.  The volumetric flow 
rate in the primary main coolant circuit is 235 m3/h, with a pressure difference 
of 0.14 MPa over the pump. This gives a temperature decrease of 6.15˚C over 
the heat exchangers, at a reactor power of 2 MW [33]. At 2 MW conditions, 
which are the normal operating conditions for JEEP II, the heavy water 
temperature is 56˚C prior to entering the heat exchangers and 6.15˚C lower 
after exiting.  
 
THE COR E  
 
The active core of the reactor is located in the reactor vessel. The heavy water 
inlet is pumped in to the centre of the tank, so that the water can be 
distributed to all the elements. The outlet of the heavy water is located 10 cm 
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below the top of the active part of the fuel length. The width of the reactor 
tank is 170 cm at the bottom, and 184 cm at the top and the height is 340 cm 
[33]. In the core, there are a total of 51 vertical positions arranged in a 
triangular lattice with a mesh distance of 10 cm. 45 of the positions are 
designed to contain the fuel elements and channels for experiments, while the 
remaining 6 positions are designed for the control rods. Under normal 
operating conditions, the core comprises of 19 fuel elements arranged in a 
triangular lattice, with a fuel pitch of 20 cm [33]. The core layout with the 19 
fuel elements is shown in Figure 10. 
 
Figure 10. Cross section of the hexagonal structure of the core with the 19 fuel 
elements [34]. 
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The fuel part of the fuel element is contained within two concentric tubes; this 
is referred to as the inner and outer shroud. The outer shroud has a diameter, 
d_o, of 87 mm, whereas the inner shroud has a diameter of 41 mm. Within the 
outer aluminium tube and the inner aluminium centre tube, 11 fuel pins are 
placed in a circle. The inner and outer shroud combined, i.e. the outer 
cylinder, the inner cylinder and the 11 fuel pins is referred to as the shroud. 
The 11 fuel pins are in a symmetrical position with respect to the centre axis of 
the fuel element [33].  A cross section of the shroud with the 11 fuel pins and 
an axial view of a fuel pin are given in Figure 11. 
 
Figure 11. Cross section of the shroud and an axial view of a fuel pin. 
A known nuclear term is the pitch-to-diameter ratio, where the pitch is the 
linear distance from the centre of a fuel pin to the centre of the nearest 
neighbour fuel pin [29]. The pitch for two fuel pins is 18 mm, and the outer 
diameter, D_o, of a fuel pin is 15 mm; resulting in a pitch-to-diameter ratio of 
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ca. 1.2.  The total length of a fuel element is 1 496 mm.  An overview of the 
fuel element is given in Appendix A3.  
Each fuel pin has around 50 uranium dioxide (UO2) cylindrical fuel pellets 
inside with a diameter of 12.8 mm. The total length, z_t, of a fuel pin is  
930 mm, whereas the total length, z_f, of the fuel pellets is 900 mm, also 
referred to as the active length. The total amount of fuel in all of the fuel pins 
is around 250 kg of UO2, enriched to a U-235 grade of 3.5 % [33]. Between the 
plug that seals the top of the fuel element and the highest placed fuel pellet, 
there is a void, z_e, of 12 mm to compensate for potential thermal expansion of 
the fuel and fission gas release. The fuel pin is filled with helium at a pressure 
of 1 bar. The helium-gas is between the inner surface of the cladding, and the 
outer surface of the fuel pellets; a 0.2 mm gap.  
 
EMPI RICAL VALUES  
 
IFE’s internal Safety report from 2011 includes measurements and calculations 
done on the core [33]. A conservative approach is also here taken in 
calculating the temperatures of the fuel pins. Measurements done in a BWR 
with heavy water as the moderator and coolant show a maximum centreline 
temperature of the fuel pellets at just below 1 000 °C [33]. These measurements 
are comparable with the JEEP II reactor because of the similarities in flow 
conditions, coolant and geometry. Both the measured and calculated values 
follow in Table 1. 
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Table 1. Average and maximum temperatures of a fuel pin in the JEEP II 
reactor, both measured and calculated. 
 Value 
Temperature of coolant 
inlet/°C 
50 
Temperature of coolant 
outlet, mean/°C 
62 
Decrease in temperature 
cladding/coolant, 
mean/°C 
25 
Temperature decrease 
cladding/coolant, 
maximum/°C 
50 
Decrease in temperature 
cladding, mean/°C 
1.1 
Decrease in temperature 
clad, maximum/°C 
2.2 
Clad temperature, 
mean/°C 
    78 
Clad temperature, max/°C 111 
Decrease in temperature 
helium gap, mean/°C 
130 
Decrease in temperature 
helium gap, max/°C 
266 
UO2 surface temperature, 
mean/°C 
197 
UO2 surface temperature, 
max/°C 
366 
UO2 centre temperature, 
mean/°C 
622 
UO2 centre temperature, 
max/°C 
   1 228 
 
Some of the data were determined conservatively, e.g. the heat conductivity 
for the uranium dioxide fuel pellets. In Table 2, the specifics of the JEEP II 
reactor at nominal power are listed, including inter alia the heat transfer 
coefficient of the helium gap, the thermal conductance for the uranium oxide 
fuel pellets, the heat conductance for the aluminium cladding and the heat 
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transfer coefficient for the junction cladding/heavy water. Some of the 
specifics are measured under operation, and some values are calculated. 
Table 2. Specifics of the fuel pin, including inter alia heat transfer coefficients 
and flux. 
 Value 
Heat transfer coefficient 
of helium in gap/( 
W/(m2K)) 
      2 000 
Heat transfer coefficient 
at the 
cladding/(W/(m2K)) 
       9 200 
Thermal conductance 
for UO2/ (W/(mK))  
2 
Heat conductance for 
Al/ W/(mK) 
   221 
Reactor power/MW 2 
Power per element, 
mean/kW 
   105 
Specific load, 
mean/(kW/kg) 
   7.9 
Power density, mean/ 
(kW/litre) 
   3.5 
Heating surface per 
element/ cm2 
       4 665 
Heat flux at cladding 
surface, mean/ kW/m2 
    226 
 
The values in Table 2 are compared with the results from the 2 MW model, to 
verify its validity. Average values are used for the thermal conductance 
coefficients of UO2 and aluminium.  
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MODELLING THE 2  MW  JEEP  II  REACTOR  
 
The focus of the modelling of the 2 MW JEEP II reactor will be the heat 
transfer in the fuel pins, and the heat transfer from the fuel pins to the heavy 
water, i.e. a condensed version of the thermal hydraulics. The modelling is 
done in Matlab, and this will be referred to as the script. The 2 MW script is 
attached in Appendix A1. The aim of the 2 MW model is to make the 
temperatures to be consistent with the empirical values from the Safety report. 
The process of identifying the temperatures include uncertainties in linearly 
interpolating the thermo physical properties of the heavy water, in applying 
Nusselt correlations for the fuel element geometry and coolant flow in the 
reactor, and in identifying the heat transfer coefficients of the fuel pin. 
Ultimately the comparison with the empirical values from the Safety report is 
the basis for verifying the model. The uncertainties are therefore mentioned, 
but not assessed.  
 
AS SUMPTION S  
 
Before modelling the 2 MW case of the JEEP II reactor, some assumptions 
were taken, based on the conservative approach of the assignment and the 
nominal operation of the reactor. It is assumed: 
 A continuous velocity distribution of the heavy water within the shroud. 
This means that there is no sudden acceleration or deceleration of the 
water on its way from the entrance region and through the shroud. 
 
 That this is a single phase heat transfer problem, i.e. the heavy water is 
always at its liquid phase 
 
 That the shroud surfaces are smooth. A smooth surface of the shroud 
decreases the friction between the tube walls and the heavy water flowing 
along [6] 
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 That the flow of the water has been fully developed while flowing along 
the active parts of the fuel pins. A fully developed flow means that the 
thickness of the thermal and velocity boundary layers is constant.  
 
 A heat generation rate following a cosine distribution. This is due to the 
fact that the axial thermal flux shape over a fuel pin can be assumed to 
follow a cosine shape, leading to the heat generation rate also following 
this distribution [29]. This cosine distribution is assumed to have a constant 
shape from the fuel element surface to the centre of the fuel pellets.  
 
 That there is no heat transport in the axial direction. For a fuel pin of a 
length-to-diameter ratio of more than 10, it is safe to neglect the axial heat 
transfer within the fuel relative to the radial [29] 
 
 An inlet heavy water temperature of 50 °C and an outlet heavy water 
temperature of 56 °C [33] 
 
 The effect of the control rods on the flux shape is neglected 
 
 Average thermal conductivities 
 
The geometry of the core sets the standard for how the heavy water flows 
through. From IFEs Safety report the dimensions of a fuel element are given, 
including the length of one fuel pin, the inner and outer diameter of a fuel pin 
and a fuel element and the diameter of a fuel pellet. With these dimensions, a 
fuel element can be modelled in the script.  
 
NUSS ELT  COR R ELATION S  
 
Finding the Nusselt number leads to the heat transfer coefficient, which is, as 
previously mentioned, an indication on the amount of heat transferred either 
by convection or conduction. The Nusselt number can be found through 
different correlations, all varying greatly depending on inter alia the flow and 
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the geometry. All the correlations include the Reynolds number and the 
Prandtl number, and this is therefore a good place to start. 
The Prandtl number requires specific information of the fluid, thus some 
values are needed before computing it. The mechanical characteristics of the 
fluid, i.e. the dynamical viscosity, the specific heat capacity and the thermal 
conduction coefficient of heavy water at a heavy water temperature of 56 °C, 
are found in tables and were in this case found by linear interpolation. The 
interpolation from the script is shown below 
t_k = 50:10:70; 
c4 = [0.618 0.625 0.629] 
k = interp1(t_k,c4,x); 
The example shows an interpolation for the value of thermal conductivity, k. 
Here the temperature interval is between 50 and 70 °C, with a 10 degree step 
per value of the thermal conductivity.  The string c4 containing thermal 
conductivities must have the same length as t_k, i.e. 3 [35]. There is a 
corresponding value of the conductivity for each of the three temperatures. 
The command interp1(t_k,c4,x) executes a 1D linear interpolation in Matlab to 
find the thermal conductivity at temperature x.  
The Prandtl number for the JEEP II 2 MW case is ca. 4.1, where the closer the 
number is to zero, the more effective the conductive heat transfer is. The 
Reynolds number requires information of the fluid and the geometry of which 
it flows through, in other words the velocity, viscosity and density of the 
heavy water through the fuel channel, and the hydraulic diameter of the fuel 
channel. The Reynolds number reveals the flow to be turbulent or laminar. In 
the JEEP II 2 MW case, the Reynolds number is about 27 000, i.e. the flow is 
turbulent since it is above ca. 4 000 for an assumed internal flow. 
Having the Reynolds number and the Prandtl number, the next step is finding 
Nusselt correlations that can be implemented on the geometry of the fuel 
element. The heat source is the fuel pins contained within the shroud, as was 
presented in Figure 7. A total of six different correlations were found so as to 
make the comparison with the empirical values from the reactor justifiable. 
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The Markozy correlation is presented below, the other five correlations are 
found in Appendix A1 and Appendix A2.  
The fifth correlation in the script considers fully developed flow along pin 
bundles, where the bundle is the 11 fuel pins within the shroud. The values of 
the Nusselt number vary greatly according to the geometry of the pin bundle 
[29]. It is found that the Nusselt prediction of Markozy are accurate within  
+- 10 % for a pitch to diameter ratio larger than 1.12 [29]. The pitch to 
diameter ratio of the pin bundle is ca. 1.2, thus the criterion is met. Markozy 
[29] developed a correlation for a fuel bundle as a finite array, and this is 
presented in (10):  
 
                    (10) 
 
where the c.t. stands for a circular tube and the Φ is given as : 
 
                                              
 
The coefficient B is given by dividing the hydraulic diameter by the actual 
diameter. The infinite Nusselt circular tube part,      , from (10) is the 
Dittus-Boelter equation for heating conditions, a correlation given in 
Appendix A1 and Appendix A2 as Nu(1). The Markozy Nusselt correlation is 
in reality the Dittus-Boelter correlation multiplied with the coefficient Φ. It is 
given in the script as Nu(5). 
 
F INDIN G T HE T EMPER ATU R ES   
 
The thermal flux of the JEEP II varies with respect to position in the core. This 
is shown in Figure 12. The heat generation is assumed to follow the same 
shape as the flux; this leads to the assumption that the temperature profile also 
has this shape. The temperature distribution in the script for the cladding, the 
gap and the fuel pellets all follow a cosine distribution that peaks at the middle 
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of the fuel pin. From the JEEP II, the flux has a peak flux shape that is 
approximately 1.8 times larger at its vertex than at its lowest point at the end 
of the pin [36]. The axial flux shape in the core in position 52 is calculated 
using the HELIOS tool, and is presented in Figure 12. 
 
Figure 12. Axial view of the thermal flux in core position 52, calculated by the 
HELIOS program [34]. 
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Figure 12 shows how the vertex point and the low points of the thermal flux 
in core position 52 differ. This shape is used in the script to create a valid 
model of the flux and the temperatures, implementing the difference in flux 
from the vertex to the lowest point. The two highlighted vertical lines 
represent the lowermost and uppermost parts of the active fuel length of  
90 centimetres. The cosine shape is not distributed evenly over the active 
length of the fuel element; the uppermost part has lower thermal flux than the 
lowermost part. This probably is a result of the heavy water having a lower 
density as it receives more heat from the fuel pin, thus having a poorer 
moderating ability. This is not considered in the script; the endpoints of the 
fuel pin have the same flux value.   
Having gotten six different Nusselt values for the same geometry, (8) is used to 
get the heat transfer coefficient, with the characteristic length replaced by the 
hydraulic diameter. The heat transfer coefficient gives a specific value on the 
rate of energy transferred per area and temperature difference, and is central 
in the process of calculating temperature distributions in the fuel pin. The six 
new values of the heat transfer coefficient were arranged in to a vector 
denoted by b. To calculate the temperatures of the pin from the cladding to 
the centre of the fuel pellets, a “for”-loop were introduced in the script. A 
“for”-loop makes it possible to execute a code repeatedly, and can be defined as 
an iterative statement [37]. For each loop that is executed, one of the six heat 
transfer coefficients is used to calculate the temperature of the cladding. Below 
the first lines from the for loop in the script is given. 
for s = 1:6 
 b = [ h(1) h(2) h(3) h(4) h(5) h(6) ]; 
T_clad = (q_max/b(s)) + T_out 
… 
… 
Introducing the “for”-statement gives the loop the command of executing all 
of the included calculations within the “for”-loop until s is larger than 6. The 
vector b contains the six heat transfer coefficients, and is used to calculate the 
cladding temperature. When s is equal to one, the for loop runs what is 
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included in the for loop for a s value of 1, this is presented in (11) 
 
 
         (
    
  
)       
 
(11) 
 
Here    is the value of the heat transfer coefficient stemming from the first 
Nusselt correlation, and      is the generated heat per fuel pin, multiplied 
with the hot spot factor of 2.04. At the end of the script, s is changed to 
continue the “for”-loop, i.e. s = s+1. This is done until s is larger than 6 and the 
loop closes.  
The temperature of the cladding, denoted       in the script, is found with (3). 
The method of the “for”-loop is already shown, the arranging of (3) leading to 
the cladding temperature being alone at the left hand side is done with two 
algebraic steps. The       is the reference temperature, since it links the 
conductive heat transfer in the fuel cladding with the convective heat transfer 
between the heavy water and the fuel cladding [23]. 
The temperature distribution in the script is a reduced cosine period, i.e. the 
period of the cosine is reduced to an interval of                   , 
with a resolution of 0.01 on the x-axis. This is done so as to make the 
temperature distribution fit with the heat flux shape from Figure 12. The 
shape of the temperature distribution is introduced when calculating the heat 
flux from a fuel pin, and it is presented in (12).  
 
 
     
           
             
 
 
(12) 
 
 
where    is the outer diameter of the fuel element, N is the number of fuel 
elements and n is the number of fuel pins per element. z_s is the constant 
value of the length of the fuel pin, and z_v is the vector value of the length of 
the fuel pin with a resolution of 0.01. This leads to the heat flux having 205 
values over the active length of the pin. The temperatures of the cladding and 
further in to the centre line is calculated with the cosine shape, and is reliant 
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on array operators in the script. Due to this, each time the cosine shape is a 
part of an equation, a dot, (.), is inserted in front of the multiplier or division 
symbol [38].  
By finding the thermal conductivity of aluminium and including the 
aforementioned temperature of the clad, the inner temperature of the cladding 
can be found. The cladding is made of aluminium, thus the heat transfer is by 
conduction. Fourier’s law of heat conduction, given in (6), can be changed to 
be valid for heat transfer in a cylinder, by first separating the variables and 
then integrating from the inner surface to the outer surface of the cladding 
[28]. Fourier’s law of heat conductance has now been altered to contain a heat 
source part, a temperature difference part and a resistance part, this alteration 
is presented in (13).  
 
where   and   are the outer and inner diameter of the cladding, respectively. 
The Pf is the hot spot factor of 2.04, to correct for the thermal flux 
distribution, the position of the control rods, the local peak flux factor and the 
power overshoot. The thermal conductivity of aluminium is given as    . 
Being at the inner surface of the cladding, the next step is calculating the heat 
transfer across the gap of the helium gas. This gap is very thin, only about  
0.2 mm, but it has a large temperature difference. The helium gas is between 
the inner surface of the cladding and the outer surface of the uranium oxide 
fuel pellets. The equation for the heat transfer across the gap is presented in 
(14) [6].  
 
 
     
           
                
 
 
(14) 
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)             )
              
 
 
(13) 
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where the    is the average diameter of the helium gap, and     is the heat 
transfer coefficient of the gap. (14) is similar to the altered Fourier formula of 
(13), but here the heat transfer is by convection. It includes a heat transfer part 
by convection for a stationary gas, and includes only an average of the 
diameter of the gap. It gives the difference in temperature through the gap by 
dividing heat generated per fuel pin and area on the heat transfer coefficient of 
helium. 
Having the temperature difference of the helium gap, it is easy to find the 
surface temperature of the uranium oxide fuel pellets. Adding the temperature 
of the inner cladding surface with the raise in temperature in the helium gap 
gives the surface temperature of the fuel pellets. (15) presents this. 
 
 
                      
 
(15) 
 
 
The radial temperature profile in the fuel pellets can be determined by solving 
the heat transfer equation from (7) in cylindrical coordinates and integrating 
from the centre of the pellets to the surface. The thermal conductivity depends 
on the temperature which changes radially in the pellets. It is assumed that 
this dependency is rather small, and an average thermal conductivity of  
2 W/mK is chosen. The volumetric heat generation from (7) is changed by 
multiplying it with the area of a fuel pellet. The temperature drop across the 
fuel pellets is stated in (16). 
 
 
       
           
                
  
 
(16) 
 
 
where      is the thermal conductivity for the uranium oxide of the fuel 
pellets. The temperature difference is separated and the centre line 
temperature is isolated at the left hand side in the script. When the centre line 
temperature is calculated for the respective s-value of the “for”-loop,  the value 
of s changes with s+1, and the “for”-loop runs again until s is larger than 6. 
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EXTRAPOLATION TO 5  MW 
 
The 2 MW model was designed so as to fit with the measured values from the 
internal Safety report from IFE [33]. It is based on thermal hydraulic 
calculations, and several assumptions were taken to complete these 
calculations. As in all research, a “hands on” approach with empirical values is 
preferred, but in the case of the JEEP II at Kjeller the regular operation of the 
reactor made this impossible. Thus a model of the reactor under normal 
operating conditions was made. The next step would be, if the values from the 
2 MW model were satisfactory, to extrapolate the model to a case where the 
power was raised to 5 MW. The model is extracted to 5 MW, and the same 
variables are used, thus the extraction of the model will be referred to as an 
extrapolation.  
The assumptions taken for the 5 MW case are equal to the ones being taken in 
the 2 MW case, except for the assumption of the outlet temperature. The 
power of the reactor is increased, and this will also give a larger heat 
generation. For the calculations on the 5 MW script, it is assumed that a 
change in the outlet temperature of the heavy water is present, while the 
volumetric flow rate is left at 235 m3/s. The 5 MW case will also be analysed 
assuming that the volumetric flow rate can be varied as is done in calculations 
in previously published reports at IFE [1]. The inlet temperature is the same as 
in the 2 MW case; 50 °C. It is also assumed that the total 5 MW is produced by 
the original geometry, i.e. that the 19 fuel elements with a total of 209 fuel 
pins can produce 5 MW.  
The heat capacity law from (5) is used for the 5 MW case. To find the outlet 
temperature, the density and the specific heat capacity of the heavy water 
flowing along the fuel channel are needed. The bulk temperature of the heavy 
water is identified through iteration. The temperature iteration is carried out 
by assuming the temperature increase the heavy water experiences when the 
power is increased to5 MW.  Interpolating linearly for the density and the 
specific heat capacity, the outlet temperature, i.e. the temperature of the heavy 
water exiting the reactor tank can be calculated.  
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Having the outlet temperature of the heavy water, this value is used further as 
the basis for all calculations. This is due to the conservative approach of the 
thesis, since the outlet temperature is set as the maximum temperature of the 
water. The new temperature is used in four new linear interpolations, finding 
a new density, specific heat, dynamic viscosity and thermal conductivity 
which is given as rhonew, c_pnew, munew and knew in the script. These 
values make the Prandtl number, and the Reynolds number is calculated from 
the flow specifics and the geometry of the flow channel. Here and on the 
calculations are the same for the 5 MW case as the 2 MW case.  
UNCERTAINTY  
 
Error analysis is the study and evaluation of uncertainty in measurement [39].  
There is no measuring or laboratory work in this thesis, only mathematical 
modelling, thus a thorough uncertainty analysis is therefore hard to carry out. 
The modelling effort in this thesis is completed on the basis of a set of input 
data from the IFE safety report. This involves the geometry of the fuel 
elements and the fuel pins and the temperatures of the fuel pin and the heavy 
water, and the uncertainty related to these issues call for a qualitatively 
discussion of the sensitivity in relation to each parameter. The combined 
effects when any of these input data are changed have been presented in 
chapter 5 and discussed in chapter 6, and the overall conclusion has been 
included in chapter 7. The results coming from the script are compared with 
the values from the Safety report to check the validity of the model.  
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5. OBSERVATIONS 
 
THE 2  MW  CASE  
 
The heat flux from a fuel pin was found with (12) and is at its vertex at  
226 kW/m2. Multiplying the heat flux per fuel pin with the hot spot factor of 
2.04 gives a maximum heat flux which is presented in Figure 13. The peak 
value of the maximum heat flux is 460 kW/m2, with a lower maximum heat 
flux of ca. 240 kW/m2.  
 
Figure 13. Cosine distribution of the maximum value of the heat flux per pin 
in the reactor for the 2 MW case. 
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The maximum heat flux is spanned over the fuel pin with a cosine shape. This 
is the generated power from the JEEP II divided by the number of fuel pins 
and their diameter and length, and fitted to the cosine distribution. This is a 
heat flux of ca. 460 kW per fuel pin per square meter, whereas the measured 
value from the Safety report gives an average heat flux of 226 kW/m2 per fuel 
pin per square meter [33].  
The critical heat flux (CHF) of the JEEP II for a power of 2 MW is listed 
several places, and varies with how conservative an approach taken. The most 
conservative value of the maximum heat flux found is 0.5 MW/m2 [7]. A 
conservative way of evaluating the possibility of reaching the CHF is 
calculating the critical heat flux ratio, i.e. dividing the maximum heat flux of 
the reactor with the CHF value from the Zuber correlation for the present 
pressure [7]. The Zuber correlation gives the conservative value of about  
1.5 MW/m2, yielding a conservative CHF ratio of 3 for the JEEP II at 2 MW.  
This means that the heat flux can be tripled before reaching its critical value 
[7]. The critical heat flux ratio is named departure from nucleate boiling ratio 
(DNBR) in this thesis. 
 
NUSS ELT  N UMBERS  AN D H EAT  T RAN S FER  CO EFFI C IENTS  
 
Five of the six Nusselt correlations lie within a small interval, which gives a 
good indication on the applicability of the correlations on the JEEP II 
geometry. The Nusselt number from the Gnielinski correlation is the one 
value that deviates from the others, and is around 20 % larger than the mean 
of the other five correlations. The different Nusselt numbers is presented in 
Table 3. 
Further on, the heat transfer coefficient is calculated through the different 
Nusselt numbers. From the Safety report, the heat transfer coefficient from the 
cladding to the heavy water is 9.2 kW/m2K [33]. This measured value should 
be in compliance with the value from the model to verify the validity of the 
model. The heat transfer coefficients are given in Table 3. 
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Table 3. Six different values of the Nusselt numbers and the associated heat 
transfer coefficients from the 2 MW case. 
Nusselt numbers and heat transfer coefficients for the 2 MW modelling 
Nusselt correlation Nusselt number 
(dimensionless) 
Heat transfer 
coefficient/(kW/m2K) 
Nu(1) - Dittus-Boelter 140 7.5 
Nu(2) - Hernes  148 7.9 
Nu(3) - Gnielinski 180 9.6 
Nu(4) - Pethukov 153 8.2 
Nu(5) - Markozy 147 7.8 
Nu(6) - Finite array  150 8.0 
 
The most common correlation for heat transfer calculations, the Dittus-Boelter 
(Nu(1)), has a lower value than the more specific correlations. The Nu(2) is a 
correlation taken from the IFE report and is named Hernes from the author. 
The Hernes correlation is used specifically on the JEEP II, and is therefore 
included in the script. The Gnielinski (Nu(3)) is a general correlation used for 
flow over circular geometries, as is the Pethukov (Nu(4)). The finite array 
(Nu(6)) and the Markozy (Nu(5)) are correlations designed for tube banks, fuel 
pins and nuclear geometries as found in the JEEP II [29]. The latter two are 
slightly higher than Dittus-Boelter, but together with the other correlations, 
the deviation from the mean is not large. The mean of the Nusselt correlations 
is 150.  
There are no correlations for the specific JEEP II geometry of a circular fuel 
bundle within a shroud, but the six Nusselt correlations are chosen for their 
applicability. The geometry of the fuel bundle is circular, and the fuel pins are 
cylindrical. The Nusselt correlations deals with flow over a cylindrical 
geometry, and since the calculations in the script are done for a cylindrical 
fuel pin the correlations are deemed as applicable. Some of the correlations 
take into account that the circular geometry is arranged in a bank, as the 
Markozy and the finite array.  
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The Gnielinski (h(3)) value of 9.6 kW/m2K is closest to the calculated heat 
transfer coefficient value from the Safety report ; 9.2 kW/m2K. The average of 
the heat transfer coefficients from the script is 8.2 kW/m2K .  
 
TEMP ER AT UR ES  
 
Executing the “for”-loop for all the different heat transfer coefficients 
generates plots of the temperatures of the fuel pin. Shown in Figure 14 is a 
subplot of these temperatures for the Dittus-Boelter correlation. The 
temperature distribution is at its vertex at the middle point of the fuel pin, and 
has the lowest values at the uppermost and lowermost parts of the fuel pin. 
The length of the fuel pin is denoted with “z” in Figure 14. The script 
calculates the temperatures for the surface of the cladding, the inside of the 
cladding, the raise over the helium gap, the surface of the uranium oxide fuel 
pellets and the centre line for the fuel pellets.  
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Figure 14 .Subplot consisting of 5 plots, showing the temperatures from the 
clad to the centre line of the fuel pellets for the corresponding Dittus-Boelter 
Nusselt number for the 2 MW case. 
The surface temperature of the cladding spans from 85 °C to a peak of 117 °C, 
and it is shown in Figure 14 as the subplot with the “Tclad vs. z” heading. The 
measured temperatures from the Safety report give a mean temperature of the 
cladding of 78 °C and a maximum temperature of 111 °C. The report also 
mentions a maximum decrease in temperature from the cladding to the bulk of 
the water of 50 °C. Further on, the temperature increases inward in the 
cladding, and the temperature of the inner wall of the cladding is given in 
Figure 14 as the subplot with the “Tcladinside vs. z” heading. The maximum 
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temperature increase is rather small; a raise of around 2 °C is present. The 
Safety report states a maximum raise of temperature through the cladding of 
2.2 °C. The subplot “dT_He vs. z” of Figure 14 plots the raise in temperature 
across the helium gap, which spans from 140 °C to 270 °C. The temperature 
increases at a maximum value of 270 °C over a gap of 0.2 mm through the inert 
helium gas. The empirical numbers from the Safety report shows a mean 
increase of temperature across the gap of 130 °C, and a maximum increase of 
temperature of 266 °C. Adding the inner wall temperature of the cladding with 
the raise in temperature over the helium gap gives the surface temperature of 
the uranium oxide fuel pellets, and this is presented in Figure 14 as the subplot 
with the “T-UO2 vs. z” heading. The temperatures span from around 235 to 
385 °C, whereas the maximum temperature from the Safety report is measured 
at 366 °C.  The temperature in the centre line of the fuel pellets is given in 
Figure 14 as the subplot with the “Tc vs. z” heading. Here the temperature 
increases rapidly from the surface to the centre line, peaking at 1 250 °C going 
down to 690 °C at its lowest maximum value. The Safety report states a mean 
temperature at the centre line of the fuel pellets at 622 °C, and a maximum 
temperature of 1 228 °C.  
As the Nusselt numbers, except the Gnielinski, are so similar, the values of all 
the temperatures are within a certain range. For the centre line temperature, 
the lowest endpoint temperature is 680 °C and the highest vertex temperature 
is 1 250 °C. Figure 15 shows a column chart containing the six Nusselt 
numbers, the six temperatures of the cladding temperature, the six 
temperatures of the inside wall of the cladding, the six temperature increases 
over the gap of helium, the six temperatures of the surface of the uranium 
oxide fuel pellets and the six temperatures of the centre line of the fuel pellets. 
Also included in Figure 15  are the corresponding measured temperatures from 
the Safety report.  
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Figure 15. Temperatures from the clad to the centre line from the six different 
Nusselt values from the 2 MW case and the Safety report. 
 
From Figure 15, it is clear that a larger Nusselt number leads to a lower T_clad 
and lower temperatures in the fuel pin in general. The Gnielinski correlation, 
indicated in Figure 15 by the green bar, has the highest Nusselt number and 
the lowest fuel centre line temperature. The measured and calculated 
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temperatures from the Safety report, indicated in Figure 15 by the grey bar, is 
similar to the temperatures from the script, except for the surface of the fuel 
pellets, T_UO2, and the centre line temperature, T_c, where it is noticeably 
lower. The equal increase in temperature across the helium gap comes from 
the equation being dependent on an isolated heat transfer coefficient of 
helium, and is thus constant for all the different Nusselt numbers. 
 
VERI FYI NG T HE MODEL  
 
The model was to be verified by the empirical values from the reactor. Several 
temperature meters, all fairly accurate, are placed in the reactor. From  
Figure 15 the temperatures from the Safety report are given alongside the 
results from the model to give a graphical view of the accuracy of the model. 
In Table 4, the average maximum temperatures from the script and the 
temperatures from the Safety report are shown. 
Table 4. Average maximum temperatures from the script and the measured 
values from the Safety report. 
 T_clad/ 
°C 
T_cladinside/ 
°C 
dT_He/ 
°C 
T_UO2/ 
°C 
T_c/ 
°C 
Heat transfer 
coefficient/ 
(kW/m2K) 
Average 
(script) 
112 114 267 380 1244 8.3 
Safety report 111 113 266 366 1228 9.2 
 
The temperatures do not deviate to a large degree; the largest deviation is at 
the fuel centre line where the average maximum temperature from the script 
is 16 °C higher than the measured value from the Safety report, as shown in 
Table 4. The average of the heat transfer coefficient from the script is a much 
smaller value than the coefficient from the Safety report, with a deviation of 
1.1 kW/m2K.  
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THE 5  MW  CASE  
 
HEAT  FLUX  
 
The power was changed in the script from 2 to 5 MW, while keeping the 
volumetric flow rate and the inlet temperature at 235 m3/h and 50 °C, 
respectively. The change in the power of the reactor leads to changes in the 
temperatures, Nusselt numbers, heat transfer coefficients, etc. The flux of the 
reactor increases; it is more than doubled with respect to the 2 MW model. 
The maximum heat flux, i.e. the power per fuel pin per square meter 
multiplied with the hot spot factor is given in Figure 16. 
 
Figure 16. Cosine distribution of the maximum heat flux per fuel pin from the 
5 MW case 
From Figure 16, the cosine distribution of the maximum heat flux from a fuel 
pin is presented. It shows a maximum heat flux of around 1.15 MW/m2 and a 
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lower maximum level at the edges of the pin of around 0.6 MW/m2. The 
DNBR is for the 5 MW case 1.3.  
 
INT ERPO LATION  
 
The extrapolation of the model from 2 MW to 5 MW was done with the 
assumption of an inlet temperature of heavy water at 50 °C. The outlet 
temperature was to be identified through the heat capacity law from (5). The 
bulk temperature of the heavy water was identified through iteration, with a 
temperature range from 50 to 70 °C. Having the temperature of the heavy 
water, the density and the specific heat capacity was identified through one 
dimensional interpolation. The outlet temperature could then be identified 
using the density and specific heat capacity. The text below shows the 
interpolation for the density from the script.  
 
t = 60; 
t_rho = 50:2:70; 
c1 = [1095.650 1094.691 1093.733 1092.657 1091.703 
1090.513 1089.443 1088.258 1087.075 1085.894 1084.716]; 
rho = interp1(t_rho,c1,t); 
 
Guessing the bulk temperature to be equal to the inlet temperature, the 
temperature of the outlet became 67.018 °C. Guessing a bulk temperature of  
60 °C, the temperature of the outlet became 67.103 °C. Guessing the bulk 
temperature to be 70 °C, the outlet temperature became 67.188 °C. This is only 
three of the 11 values of the outlet temperature from the iteration, but it 
shows good agreement. The outlet temperature differs by 0.16 °C while the 
bulk temperature differed by 20 °C. The bulk temperature of the water did not 
affect the outlet temperature in a great way in the guess range; demonstrating 
how small the variation of the thermo physical properties is in this 
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temperature range. For this reason the temperature was set as the middle point 
of the iteration temperature range, 60 °C.   
Using the new outlet temperature from the interpolation, the density, specific 
heat capacity, dynamic viscosity and the thermal conductivity is also identified 
through interpolation. These values are used in identifying the Prandtl and 
Reynolds number, and then the Nusselt number. As in the 2 MW case, there is 
six different values of the Nusselt number and the heat transfer coefficient. 
The same coefficients, friction factor and assumptions are used in this case as 
for the 2 MW case.  
 
HEAT  TR AN S FER  CO EFFIC I ENT S  
 
 
The heat transfer coefficients for the 5 MW case is presented in Table 5. 
Comparing with the Gnielinski(h(3)), the correlation yielding the highest 
Nusselt number, the value of the heat transfer coefficient has increased from  
9.6 kW/m2K to 9.7 kW/m2K. The Nusselt value is calculated with the Prandtl 
and the Reynolds number, both being dependent on the thermo physical 
properties of the heavy water. The temperature change is not large, and this 
results in a small change in the heavy water properties. There is also no change 
in the geometry of the core or flow of the heavy water. All in all, following 
from the small change in the thermo physical properties of the heavy water, 
this leads to a small change in the heat transfer coefficient.  
Table 5. Six different heat transfer coefficients from the 5 MW case. 
Heat transfer coefficients from the 5 MW modelling 
Nusselt correlation Heat transfer 
coefficient/(kW/(m2K)) 
Nu(1) – Dittus-Boelter 7.5 
Nu(2) – Hernes 8.0 
Nu(3) – Gnielinski 9.9 
Nu(4) – Pethukov 8.2 
Nu(5) – Markozy 7.8 
Nu(6) – Finite array 8.0 
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The average value of all the heat transfer coefficients is 8.2 kW/m2K. The only 
higher value of the heat transfer coefficient for the 5 MW model with respect 
to the 2 MW model is from the Gnielinski correlation. The thermo physical 
properties of the heavy water have higher values when the temperature is 
lower, except for the thermal conductivity. This leads to a higher value for 
Prandtl and Reynolds, but in the Gnielinski case this gives a higher heat 
transfer coefficient. 
 
THE T EMP ERATUR ES  
 
 
The iteration for the six different values are done with the same principle as in 
the 2 MW case, there has just been a change in the denotation of the vector 
that contains the heat transfer coefficients from b to r. High temperatures 
were expected for the 5 MW case. The fuel centre line temperatures was of 
importance due to the possibility of reaching the melting point of uranium 
oxide, and the cladding temperatures was of importance due to the possibility 
of departure from nucleate boiling. The temperatures stemming from the 
Dittus-Boelter(h(1)) correlation is presented in Figure 17 as a subplot. 
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Figure 17. Subplot containing the temperatures from the clad to the centre line 
of the fuel pellets along the fuel pin length from the Dittus-Boelter correlation 
of the 5 MW case. 
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The subplot with the heading “T-clad vs. z” of Figure 17 shows the 
temperature distribution for the surface of the aluminium cladding. Here the 
maximum temperature is 218 °C, and the edges have the lowest maximum 
temperature of 148 °C. This is well below the melting point of the aluminium 
cladding of 660 °C [3]. At the inner surface of the aluminium cladding, the 
maximum temperature is 225 °C, and the lowest maximum temperature is  
150 °C. The temperatures are plotted in the subplot with the heading  
“T-cladinside vs. z” in Figure 17. This is also a safe temperature with respect to 
the melting point of aluminium.  The temperatures across the 0.2 mm thick 
helium gap are given in Figure 17 with the “dT-He vs. z” heading. Here the 
increase has a maximum value of 650 °C, and the lowest maximum 
temperature increase is 350 °C. The subplot with the “T-UO2 vs. z” in Figure 
17 shows the maximum temperature of the surface of the uranium oxide fuel 
pellets to be 890°C, and the edges of the fuel pellets has the lowest maximum 
temperature of 500 °C. From the surface to the centre line of the fuel pellets, 
the temperature increases drastically. This is given in Figure 17 as the subplot 
with the “Tc vs. z” heading. The centre line temperature is at its highest 
maximum value at 3 050 °C, and at its lowest maximum temperature at the 
edges with the value 1 600 °C. The maximum temperature is above the melting 
point of uranium oxide of 2 850 ±30 °C at normal pressure [40].  
Figure 18 presents the temperatures of the fuel pin from the 5 MW model and 
the six Nusselt numbers. The values of the Nusselt numbers are directly related 
to the heat transfer coefficient through the hydraulic diameter and the 
thermal conductivity. In Figure 18, the Nusselt numbers are at the left side of 
the graph, and the units are dimensionless. The increase in temperature 
follows the same tendency as the 2 MW case, where the temperature increases 
drastically through the helium gas, and increasing with an even higher 
through the uranium oxide fuel pellets.  
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The increase in power has given high temperatures, especially at the centre 
line of the fuel pellet, as seen in Figure 18. They are all above 2 865 °C; the 
melting point of uranium oxide at the present pressure. Another problem that 
needs to be considered is the temperatures at the cladding. At the 2 MW case 
the maximum temperature at the cladding of the fuel pin was at 111 °C, and in 
the 5 MW case the maximum cladding temperatures are all around a hundred 
Figure 18. Temperatures from the clad to the centre line from the six different Nusselt          
values from the 5 MW case. 
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degrees Celsius higher. At these temperatures, the assumption of the heavy 
water always being at its liquid phase is no longer valid due to nucleate boiling 
at the surface of the cladding. The boiling point of heavy water at atmospheric 
pressure (roughly the pressure present in the JEEP II core) is 101.5 °C [41]. The 
vapour blanket forming at the fuel pin cladding surface deteriorates the heat 
transfer to such a degree that it is possible that the temperature in the cladding 
reaches the melting point of aluminium.  
Allowing some local boiling at the cladding is accepted to a certain degree, as 
seen from the nominal operation at JEEP II where the maximum cladding 
temperature is 111 °C, however; a constant boiling in the core will lead to 
more tritium being produced as vapour which adds handling risks for the  
JEEP II personnel, and would thus be unacceptable.   
 
MITIGATING MEASURES  
 
Since the temperatures at the centre line of the fuel pellet and at the cladding 
are unacceptable, attempts to mitigate the high temperatures coming from the 
power of 5 MW were made in the script. This involved geometrical and flow 
rate changes. A change in the geometry or the flow rate has a significant effect 
on the temperatures of the fuel pin. The mitigating measures done in this 
thesis include: 
 Adding extra fuel elements in the core 
 Removing the inner shroud of a fuel element 
 Reducing the diameter of a fuel pin  
 Adding fuel pins in a fuel element 
 Increasing the volumetric flow rate 
Note that the power is still 5 MW; an addition of fuel pins or fuel elements 
means that there will be more fuel pins per power. The reduced power per fuel 
pin will lead to a reduced flux in the core and thus the temperatures are also 
reduced. All the geometrical alterations results in reduced temperatures. A 
change in the volumetric flow rate makes the convective heat transfer at the 
cladding/heavy water junction more effective. 
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Several different geometrical alterations were examined and implemented in 
the script, and the alterations that were deemed feasible are presented below. 
The upgrade to 5 MW only takes the thermal hydraulics and mechanics from 
the geometrical mitigations into account, even though an upgrade of effect 
implies an increased enrichment grade and following from this a different 
situation with respect to activity and neutronics in the core.  
 
GEO MET RI CAL MITI GAT IONS  
 
ADDING  A F UEL  PI N IN  THE  S HRO UD  
 
To reduce the temperatures from the 5 MW case, a geometrical mitigation 
involving the addition of a fuel pin was done in the script. Adding more fuel 
pins will reduce the amount of heat generated per fuel pin, and a decrease in 
the overall temperatures will occur. Firstly, the geometrical change leads to a 
decrease in the pitch, i.e. the distance between two fuel pins. This comes from 
inserting an extra fuel pin in the shroud, while maintaining the same outer 
diameter of the pins. The pitch-to-diameter ratio (PDR) decreases, since the 
diameter is the same and the pitch decreases. Lastly, the chord length between 
two fuel pins also decreases. The iterating calculation of the pitch and PDR for 
11 and 12 pins is given below.  
c = 15; % [mm] Diameter of fuel pin 
r_s = 32; % [mm] Radius of fuel centre circle 
for j = 11:12 
deg = (2 asind(c/(2 r_s))) 
degp2p = (360 – (deg j))/j 
cp2p = 2 r sind(degp2p/2) 
Pitch = (D_o + cp2p) 
PDR = (Pitch)/D_o 
end 
The “for”-loop calculates for 11 and 12 fuel pins. At first it calculates the 
angular degrees per fuel fin with respect to fuel element centre. The c is the 
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diameter of the fuel pin. The next step is calculating the angular degrees 
between two fuel pins degp2p, i.e. two adjacent pins from outer diameter to 
outer diameter. Then the respective chord length of the distance between two 
fuel pins are calculated, the cp2p. The pitch is then found by adding two 
radiuses, or a diameter of a fuel pin. The PDR is calculated by dividing the 
pitch by the diameter of a fuel pin. The iteration can be altered with respect to 
the number fuel pins, but is in reality only valid for 12 pins or fewer. This is 
due to the amount of space the pins takes within the shroud. These values are 
shown in Table 6. 
Table 6. Pitch, the pitch-to-diameter ratio and the distance between two fuel 
pins for 11 and 12 pins placed within the shroud. 
Fuel pins Pitch/mm PDR R2R/mm 
11 18.1 1.2 3.1 
12 16.6 1.1 1.6 
 
From the tabulated values of Table 6 it is clear that the more pins that are 
placed within the shroud, the more confined the situation gets. The distance 
between the fuel pins (R2R) is lowered to just above 1.6 mm when there are 
12 pins within the shroud. And the pitch-to diameter ratio is decreased to 1.1. 
The change implies a new design for the shroud, making more room for extra 
pins within the shroud. The original geometry of 11 fuel pins and the 
geometry of the fuel element when another fuel pin is placed within are 
illustrated in Figure 19. 
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Figure 19. Pitch, outer diameter and fuel element diameter for the original 
geometry of 11 pins, and the pitch and the diameter of the fuel pin centre line 
for 12 pins. 
From Figure 19 the different geometries of 11 and 12 fuel pins are presented. 
The shroud containing 12 pins shows a more confined situation. The 
temperatures from the geometrical mitigation with 12 pins within the shroud 
are shown in Table 7. The diameters are the same for 11 and 12 fuel pins 
within the shroud. 
Table 7. Temperatures of the fuel pin when the shroud has 12 fuel pins placed 
within. 
 T_clad/°C T_cladinside/°C dT_He/°C T_UO2/°C T_c 
/°C 
Nu(1) 196 201 611 812 2790 
Nu(2) 190 195 611 806 2783 
Nu(3) 166 171 611 782 2760 
Nu(4) 186 192 611 802 2780 
Nu(5) 197 202 611 813 2790 
Nu(6) 194 199 611 810 2788 
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Table 7 shows the temperatures from the 5 MW model when the geometry of 
the shroud has been changed to contain 12 fuel pins. The maximum heat flux 
is here at 1.05 MW/m2, around 590 kW more than the 2 MW case. The 
maximum heat flux gives a DNBR of 1.4. The value of the flux is lower than 
the original 5 MW case, the change being due to increasing the total amount 
of fuel pins from 209 to 228. Adding another fuel pin in the shroud has 
decreased both the temperature of the centre line and the temperature of the 
cladding. The centre line of the fuel pellets is now at a maximum average of 
just below 2 800 °C, and the average of the maximum cladding temperatures is 
191 °C. An increase in the heat transferring area has decreased the overall 
temperature from the original geometry of 11 pins. There is still a high 
temperature at the surface of the cladding, and the centre line temperature is 
at a dangerously high level. 
 
CON CEN TRIC F UEL  BUNDL ES  
 
 
The second geometrical mitigation measure was to remove the inner shroud, 
which results in more room for additional fuel pins. The removal of the inner 
shroud made it possible to add another circular set of fuel pins; the original 
outer circular fuel bundle of 11 pins was kept, while an inner circular fuel 
bundle was placed coaxially with the outer. The inner fuel bundle diameter is 
around half the size of the outer circular fuel bundle. The inner cylindrical 
fuel bundle has a total of 5 fuel pins on its circumference, resulting in a total of 
16 fuel pins within a fuel element. The sketch of a fuel element with 16 fuel 
pins is presented in Figure 20.  
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Figure 20. Cross section of a fuel element with the inner shroud removed and 
replaced with a circular fuel bundle. 
The pitch of the outer circular fuel bundle is the same; 18.1 mm. The pitch of 
the inner cylindrical fuel bundle is larger than the outer pitch; 19.5 mm. The 
PDR is larger for the inner bundle than the outer; 1.3. Due to the neutronics 
effects at the inner cylindrical fuel bundle, the pitch is set larger. The inner 
bundle gets neutrons from the outer fuel bundle and the other fuel pins 
located at the inner fuel bundle which results in an increased neutron 
economy at the inner fuel bundle with respect to the outer. 
The geometry of the shroud is radically changed when adding 5 fuel pins and 
removing the inner shroud. The area of the fuel bundle is increased by making 
the whole cross section of the fuel element available for fuel pins. The wetted 
perimeter also increases, since another 5 fuel pins are included in the fuel 
element. This will radically change the Reynolds number and subsequently 
the Nusselt numbers.  
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The addition of 5 fuel pins in a fuel element reduced the temperatures from 
the unmitigated 5 MW case. The heat flux per fuel pin is reduced, resulting in 
lower temperatures over a fuel pin. Temperatures from the geometrical 
mitigation of a circular fuel bundle insertion are shown in Table 8. 
Table 8. Temperatures from the mitigating option of removing the shroud and 
inserting a circular fuel bundle. 
 Nu T_clad/°C T_cladinside/°C dT_He/°C T_UO2/°C T_c 
/°C 
Nu(1) 129 186 190 458 648 2132 
Nu(2) 137 179 183 458 641 2124 
Nu(3) 167 159 163 458 621 2104 
Nu(4) 139 177 181 458 639 2123 
Nu(5) 136 180 184 458 642 2125 
Nu(6) 139 177 181 458 639 2122 
 
The temperatures have been reduced drastically from the unmitigated 5 MW 
case, as is shown in Table 8. The maximum fuel centre line temperature that 
previously was above 3 000 °C is now at an average of 2 120 °C. The maximum 
cladding temperature has not decreased to such a degree as the centre line; the 
average maximum cladding temperature is 176°C. The DNBR is in this case at 
1.9. The addition of an inner circular fuel bundle in a fuel element made a 
larger impact than the addition of a fuel pin within the shroud.   
 
RED UCIN G  THE  F UEL  PIN  DI AME TE R  
 
 
The diameter of the fuel pins can be reduced to make more room for fuel pins 
within an element. The inner shroud is as in the previous example removed. 
The diameter was reduced from 15 mm to 10 mm [42]. The size of the helium 
gap and cladding thickness was kept the same as the 2 MW case; 0.2 mm and  
2 mm. The other diameters given, the fuel pellet was adjusted to fit in the fuel 
pin which gave a diameter of 7.8 mm.  
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The reduction of the fuel pin diameter made it possible to insert more fuel pins 
in a fuel element. A total of 25 fuel pins with a diameter of 10 mm were 
inserted in a fuel element. This is shown in Figure 21. The outer diameter of 
the element is still the same; 87 mm.  
 
Figure 21. Cross section of a fuel element when the outer diameter of a fuel 
pin is reduced to 10 mm. The inner shroud is removed and replaced with a 
centre fuel pin and a circular fuel bundle. 
The geometry of Figure 21 involves a new pitch and PDR. The pitch of the 
outer circular fuel bundle is now 13.5 mm, with a PDR of 1.35. The pitch of 
the inner circular fuel bundle is 13.4, with a PDR of 1.34. There has also been 
placed a single fuel pin at the centre of the fuel element. The new geometry 
also involves changing the thermal hydraulic equations in the script. The 
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resulting temperatures from placing 25 fuel pins with an outer diameter of  
10 mm within the shroud are shown in Table 9. 
Table 9. Temperatures from the mitigating option of reducing the outer 
diameter of a fuel pin and adding a circular fuel bundle and a centre fuel pin. 
 Nu T_clad/°C T_cladinside/°C dT_He/°C T_UO2/°C T_c 
/°C 
Nu(1) 126 212 216 478 694 1643 
Nu(2) 135 202 206 478 684 1633 
Nu(3) 162 179 183 478 661 1610 
Nu(4) 136 202 205 478 683 1632 
Nu(5) 163 179 183 478 660 1610 
Nu(6) 168 176 179 478 657 1606 
 
The results from the mitigating measure of fuel pin diameter reduction shows 
that the average maximum cladding temperature is slightly higher than the 
unmitigated temperatures, and that the average maximum centre line 
temperatures are ca. 1 400 ˚C lower than the unmitigated temperatures of just 
above 3 000 ˚C. The DNBR is in this case ca. 2.   
 
IN CR EASING T HE VO LUME T RIC FLOW  R AT E  
 
The volumetric flow rate from the operation of the reactor is 235 m3/h, 
whereas the new flow rate is taken from the internal report from IFE 
regarding a possible upgrade of the reactor [1]. The flow rates of the report 
covering the upgrade were 235 m3/h, 300 m3/h and 350 m3/h. The highest flow 
rate, and thus the flow rate affecting the temperatures the most due to 
increased convection, is 350 m3/h [1]. The temperatures coming from the 
change in the volumetric flow rate is presented are Table 10. 
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Table 10. Temperatures from the mitigating option of increasing the 
volumetric flow rate to 350 m3/h. 
 Nu T_clad/°C T_cladinside/°C dT_He/°C T_UO2/°C T_c 
/°C Nu(1) 200 169 174 666 841 2998 
Nu(2) 211 163 168 666 835 2992 
Nu(3) 273 140 146 666 812 2970 
Nu(4) 220 159 164 666 831 2988 
Nu(5) 208 164 170 666 836 2994 
Nu(6) 214 162 167 666 834 2991 
 
The change of the volumetric flow rate increased the Nusselt number to a 
large degree, as shown in Table 10. The Reynolds number increases because 
the velocity of the water flowing through the fuel element increases. The 
Nusselt numbers changes due to its dependency on the Reynolds number.  
The average maximum temperature at the cladding is 159 °C, a much lower 
temperature than the unmitigated case and the geometrical mitigation cases. 
The maximum average temperature for the centre line of the fuel pellets is  
2 989 °C, a slightly lower temperature than the unmitigated case and a higher 
temperature than the geometrical mitigation cases. The centre line 
temperature is this high because the large flow rate is most effective at the 
cladding surface, reducing the temperature of the cladding. There is still the 
large heat flux of approximately 1 MW/m2 that needs to be transferred from 
the centre line and out. Increasing the volumetric flow rate results in a DNBR 
of 1.5. 
 
ADDIN G FUEL ELEMEN T S I N THE COR E  
 
The geometrical mitigations all reduced the temperatures of the fuel pin. The 
higher flow rate was most effective for the cladding temperatures, whereas the 
geometrical mitigations were most effective for the fuel centre line 
temperatures. There are unique difficulties included in the realization of each 
of the measures. To get an even greater reduction in the temperatures, the two 
most effective geometrical measures of reducing the fuel pin diameter and 
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inserting a circular fuel bundle were calculated in the script with a changing 
amount of fuel elements and a changing flow rate.  
 
The core of the JEEP II is designed to contain 45 fuel elements. This means 
that a total of 45-19 = 26 additional fuel elements can be included in the script 
to reduce the temperatures further. A total of 26 calculations with 20 to 45 
fuel elements were taken in the script for the unmitigated (nominal) case, 
reduced diameter case and circular fuel bundles case to investigate the effects 
of an addition of fuel elements in the core. The volumetric flow rate was here 
increased so as to keep the velocity through an element constant at 1.3 m/s 
while increasing the total amount of fuel elements in the core. The result is 
shown in Figure 22. 
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Figure 22. Cladding temperature, the fuel centre line temperature and the 
DNBR for the unmitigated (nominal) case, the circular fuel bundle case and 
the reduced fuel pin diameter case for 20 to 45 fuel elements in the core. The 
volumetric flow rate is increased proportionally with added fuel elements 
such that the velocity through a fuel element remains constant.  
73 
 
From Figure 22 the effect of additional fuel elements is visualized clearly. The 
fuel centre line temperature for the nominal case has a reduction in 
temperatures when the amount of fuel elements in the core is increased from 
20 to 45; 1 500 °C. The DNBR for these cases increases from 1.4 to 3.1. The 
reduced diameter case has a reduction in fuel centre line temperature of  
710 °C, and an increase in the DNBR from 2.1 to 4.7. The circular fuel bundles 
case has a reduction in fuel centre line temperature of 1 100 °C, and an 
increase in the DNBR from 2 to 4.5.  The change in cladding temperatures is 
86 °C for the nominal case, 78 °C for the reduced fuel pin diameter case and  
68 °C for the circular fuel bundles case. When the velocity of the heavy water 
through a fuel element was kept constant while increasing the total amount of 
fuel elements an increase in the volumetric flow rate from 250 m3/h to  
560 m3/h was present. 
The average maximum fuel centre line temperature for the unmitigated case 
with a total of 45 fuel elements is 1 308 °C and the average maximum cladding 
temperature is 113 °C. For the reduction in fuel pin diameter case the average 
maximum fuel centre line temperature is 710 °C and the average maximum 
cladding temperature is 106 °C. For the addition of a circular fuel bundle the 
average maximum fuel centre line temperature is 922 °C and the average 
maximum cladding temperature is 101 °C. It is clear that the increased 
volumetric flow rate is most effective in reducing the cladding temperatures, 
and the reduced fuel pin diameter case is most effective for reducing the fuel 
centre line temperature.  
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6. DISCUSSION 
 
THE 2  MW  MODEL  
 
Finding the right method to perform thermal hydraulic calculations on the 
JEEP II without empirical research is not an exact science. Six Nusselt 
correlations, all designed for various flow regimes and flow geometries, were 
chosen to investigate the applicability on the JEEP II geometry. From the 
Nusselt numbers the heat transfer coefficients are calculated. The heat transfer 
coefficients and the Nusselt numbers are presented in Table 3. The average of 
the heat transfer coefficients was consistent with the calculated value from the 
Safety report, which supported the further temperature calculations.  
The consistency check of the Safety report temperatures with the 
temperatures from the 2 MW model were done so as to verify the validity of 
the model. This is in reality the cheapest way to check if the modelling is done 
in a proper way. Table 4 shows that the script temperatures fit accurately with 
the empirical values from the reactor operation. The temperature deviations 
shown in Table 4 are deemed to be not too large, and the 2 MW model was 
approved on the basis of this. 
 
THE 5  MW  MODEL  
 
The extrapolation from the 2 MW model meant that the heat flux and the 
temperatures in the reactor would increase. The high temperatures from the 
conservative approach were necessary to verify the validity of the model. The 
temperatures from the extrapolation were unacceptable; an average maximum 
centre line temperature of 3 030 °C which is ca. 150 °C above the melting 
point and an average maximum cladding temperature of 207 °C which involves 
risks in terms of boiling at the cladding surface and an unacceptable departure 
from nucleate boiling ratio due to the high safety standards in place at  
IFE-Kjeller. Based on these results, the 5 MW upgrade of the JEEP II using the 
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present-day flow rate and fuel element design and layout is deemed unfeasible. 
 
IMP LI CATIONS  FRO M T HE  UP GR ADE  
 
Increasing the power to 5 MW leads to alterations in how the fuel is designed. 
As previously mentioned, it is assumed that the 2 MW reactor geometry, i.e. 
the 19 fuel elements with the 209 fuel pins, can produce 5 MW. This implies a 
new enrichment grade that can provide 5 MW for a sustained, acceptable 
period of time. 
The higher power level will result in more fission reactions taking place in the 
core. Associated with this a higher neutron flux and thermal flux will be 
present in the core, and also more fission products. To maintain the same fuel 
replacement strategy as is practiced today, a fuel at a higher enrichment would 
be practical. The increased flux of neutrons will affect the activity in the core, 
the moderator, the reflector and of course the heat generation.  
 
SAFETY  AND RISK S  
 
The fuel centre line temperature from the 5 MW case will lead to a melting of 
the fuel, as the melting point of uranium dioxide at the present pressure is 
2 865 °C. The cladding temperature will lead to more boiling at the junction 
between the heavy water and the cladding, and the possibility of departure 
from nucleate boiling is severely increased. The assumption of the water 
always being at its liquid phase is then no longer applicable due to the 
increased boiling. Where the 2 MW operation of the reactor allows some local 
boiling, the temperatures of the upgrade will lead to permanent boiling.  
 
A 5 MW reactor has higher fuel loading than a 2 MW reactor, and this leads to 
an ability to sustain a higher neutron flux for a longer period. The high 
neutron flux will contribute to a greater production of tritium; a toxic 
substance. Tritium is formed when the deuterium atoms of heavy water 
absorbs thermal neutrons [43]. Even though the absorption cross section of 
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this nuclear reaction is small, tritium gas is still produced. If an accident 
situation is to occur, tritium can pose a danger if it is inhaled. It can also 
combine with oxygen to form tritiated water molecules which can be absorbed 
through the skin [43].    
 
MITIGATION  
 
IN CR EASED FLOW  R AT E  
 
From the internal IFE report [1] the flow rates were set at 235 m3/h, 300 m3/h 
and 350 m3/h. The report discussed a power upgrade of 4 MW, but the 
example of the increased flow rate is still applicable for the 5 MW upgrade. To 
reduce the temperatures further, the velocity through an element was kept 
constant while the amount of fuel elements was changed to the maximum 
value of 45. This gave a flow rate of 560 m3/h. 
A higher flow rate of heavy water leads to more effective heat transfer from 
the fuel pins to the water. The implications on the circuit system from 
increasing the flow rate are uncertain, but they will almost certainly have a 
negative impact [44]. A larger flow rate will put more pressure on the circuit 
system, and the pipes will need to withstand more friction. The flow channel 
in the fuel element and the pipes in the circuit are designed for a flow rate of 
235 m3/h, and the increased flow will possibly be too high a flow rate. Thus a 
new circuit system with more resilient pipes will possibly need to be installed. 
 
 
GEO MET RI CAL ALT ER ATIO NS  
 
ADDING  A F UEL  PI N IN  THE  S HRO UD  
 
The addition of a fuel pin in the shroud is the least dramatic change in 
geometry. Having 12 fuel pins within the shroud reduces the pitch, the pitch-
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to-diameter ratio and the pitch between the outer diameters of two pins. 
Enough water surrounding the pins are of importance since it both absorbs 
and carries away the generated heat from fission and moderates the neutrons 
down to a thermal energy. When the power increases, the pitch should 
preferably be larger than the lower power case, and in any case not smaller, 
which is the case when an extra fuel pin is added in the shroud.  
 
The temperatures from the addition of a fuel pin are not severely reduced with 
respect to the unmitigated case. The average maximum cladding temperature 
is at 190 °C, and the average maximum centre line temperature is 2 780 °C. 
The cladding temperature is higher than the temperature from the Safety 
report, and the centre line temperature is just below the melting point. This 
geometrical alteration gave the highest centre line temperature of all the 
mitigating measures, and is therefore not an adequate mitigating measure. 
 
CON CEN TRIC F UEL  BUNDL ES  
 
This mitigating measure involved removing the inner shroud to make room 
for additional fuel pins. The diameter of 15 mm was kept, and the pitch from 
the 2 MW case was kept for the outer circular fuel bundle and increased for 
the inner circular fuel bundle. The average maximum cladding temperature 
for this mitigating measure was 176 °C, and the average maximum centre line 
temperature was 2 122 °C. The temperatures of the centre line are within an 
acceptable range from the melting point, but the cladding temperatures are 
much larger than the 2 MW temperatures.  
 
 
RED UCIN G  THE  PIN  DI AM E TE R  
 
The reduction of the original diameter of 15 mm to 10 mm was done to be able 
to fit more fuel pins within a fuel element. The inner shroud was also removed 
in this case. A total of 25 fuel elements were placed in a fuel element; an outer 
circular fuel bundle, an inner circular fuel bundle and a centre fuel pin. The 
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pitch is larger for the reduced diameter mitigation measure than the 2 MW 
case, but it now gets smaller inward to the centre. This is not preferred since 
enough water should flow over the pin to remove the generated heat. A 
possible solution is to remove a fuel pin from the inner circular fuel bundle to 
increase the pitch. The average maximum cladding temperature from the 
geometrical mitigation measure of pin diameter reduction is 192 °C, and the 
average maximum centre line temperature is 1 622°C.  
 
ADDING  F UEL  ELEMEN TS  
 
The addition of a fuel element in the core will eliminate an available spot for 
inter alia irradiation facilities; however, the core is designed for a total of 45 
fuel elements. The result of including an extra fuel element is more fuel pins in 
total, and a reduced power per fuel pin. This is the same effect as adding more 
fuel pins in a fuel element, but it is not at the expense of room within the fuel 
element. Extra fuel elements were added in all the mitigating measures to 
reduce the associated temperatures from the 5 MW further. The problems 
from the other mitigating options are inherent when extra fuel elements are 
added in the core.  
Exploiting the core design of the JEEP II, the addition of fuel elements up to a 
total of 45 gave promising temperatures. The volumetric flow rate is increased 
linearly with the amount of fuel elements so as to keep the velocity through a 
fuel element constant. The maximum average fuel centre line temperature that 
was most promising was from the reduced diameter option; 710 °C. The 
maximum average cladding temperature that was most promising was from 
the circular fuel bundles option; 145 °C. The high cladding temperatures from 
all the mitigating options can be reduced by increasing the volumetric flow 
rate. A total of 45 fuel elements are justifiable from a thermal hydraulic point 
of view, but it is debatable whether this amount of fuel elements is feasible 
with respect to research facilities and operation of the reactor. From a thermal 
hydraulic viewpoint the addition of fuel elements is deemed as a good 
solution. 
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ERROR ANALYSIS  
 
There are uncertainties involved in finding the temperatures of the fuel pin. 
Firstly, there are uncertainties in the thermo physical properties of the heavy 
water as these are identified using interpolation between tabulated values. The 
Reynolds number and the Prandtl number are calculated using these 
properties, thus the uncertainty propagates to the Nusselt number.  
In this thesis, six different flow correlations are used to find the Nusselt 
numbers. Each of these correlations has their own uncertainty with respect to 
the fuel element geometry and coolant flow in the reactor. The heat transfer 
coefficient is calculated via the Nusselt number.  
The temperatures of the individual fuel pins are calculated from the heat 
transfer coefficients, each coming from one of the six Nusselt correlations. The 
average maximum temperatures are identified from the pin temperatures, and 
then compared with the empirical values from the operation of the JEEP II to 
validate the model assumptions. 
The results of the validation process above justify the extrapolation from 2 to  
5 MW. The 5 MW model has inherently similar uncertainties built into the 
model as the 2 MW design, however, the iteration process to identify the 
outlet temperature, assuming a certain temperature for the bulk heavy water, 
introduces additional uncertainty.  
However, as the considerations above are primarily completed to verify the 
validity of the model, and the empirical values from the reactor operation is 
applied, there is no need for further evaluation of the uncertainties with 
respect to the results of the work.  
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7. CONCLUSION 
 
The different flow correlations chosen for the JEEP II geometry gave 
acceptable temperatures with respect to the empirical values from the 
operation of the JEEP II. This made it possible to verify the validity if the  
2 MW model, and the extrapolation to 5 MW was thus carried out, resulting in 
unacceptable temperatures in the centre line of the fuel pellets and the 
cladding of the fuel pins. The average maximum centre line temperature of 
above 3 000 °C would have resulted in a melting of the fuel and the higher 
maximum heat flux would have severely increased the possibility of departure 
from nucleate boiling at the cladding.  
Due to the unacceptable temperatures from the extrapolation, mitigating 
measures were implemented in the script. The geometrical measure taken to 
reduce the associated temperatures from the upgrade that was considered not 
feasible was the addition of a fuel pin with the shroud. The geometrical 
mitigating measures of reducing the fuel pin diameter, inserting a circular fuel 
bundle and adding fuel elements gave promising temperatures, and the 
combination of the geometrical measures with the increased volumetric flow 
rate led to temperatures equal to or lower than the 2 MW case . The mitigated 
5 MW model with 45 fuel elements, one of the two most promising fuel pin 
alterations and a flow rate of 560 m3/h is from a thermal hydraulic viewpoint 
deemed as a feasible model.  
The research question can thus be confirmed; the temperatures and the heat 
flux in the fuel pins of the reactor can be kept at 2 MW levels or lower after a 
power upgrade from 2 to 5 MW. 
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11. APPENDIX 
 
A1  MODELLING THE 2  MW  REACTOR  
 
% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
%   Modelling the 2 MW Research reactor JEEP II 
%   By Erik Henriksen 
% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
  
%    Assumptions taken 
% 1. Continuous velocity distribution within shroud 
% 2. The heavy water is always at its liquid phase 
% 3. The shroud surfaces are smooth 
% 4. A fully developed flow 
% 5. Heat flux over element length follows a cosine distribution, implying a 
cosine neutron flux distribution (NSI p. 315) 
% 6. No heat transport in axial direction, fuel pin/diameter >10 neglect the 
axial heat transfer within the fuel relative to the radial (NSI p.316) 
% 7. Average thermal conductivities 
% 8. Inlet water temperature t_in = 50 degrees Celsius 
% 9. Outlet water temperature t_out = 56 degrees Celsius 
% 10. All control rods out of the core, and a hot spot factor of 2.04 
% 11. The fuel is unirradiated 
  
  
clear all 
  
N = 19;             % Number of fuel elements 
n = 11;             % Number of fuel pins per element 
d_f = 12.8*10^-3;   % [m] Diameter of fuel pellet 
D_o = 0.015;        % [m] outer diameter of pin 
D_i = 0.013;        % [m] inner diameter of pin cladding 
d_o=0.087;          % [m] outer diameter of fuel element 
d_i=0.041;          % [m] inner diameter of fuel element 
d_m = 0.01295;      % [m] Mean diameter of He-layer 
z_vector = (-pi*0.325):0.01:(pi*0.325);   % [m] Active length of fuel pin, 
string 
z_scalar = 0.9;           % [m] Active length of fuel pin, scalar 
  
  
% Properties of heavy water (D2O) at 56 degrees C. and 1 atm 
  
x= 56; % Temperature of heavy water 
  
t_rho = 50:2:70; 
c1 = [1095.650 1094.691 1093.733 1092.657 1091.703... 
1090.513 1089.443 1088.258 1087.075 1085.894 1084.716]; 
rho=interp1(t_rho,c1,x); % Interpolating for density of heavy water at x 
degrees 
  
t_mu = 50:10:70; 
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c2 = [651.2*10^-6 551.8*10^-6 475.7*10^-6]; 
mu=interp1(t_mu,c2,x); % Interpolating for dynamic viscosity of heavy water 
at x degrees 
  
t_cp = 50:5:70; 
c3 = [4197.3 4196.4 4196.1 4196.5 4197.5]; 
c_p=interp1(t_cp,c3,x); % Interpolating for specific heat capacity of heavy 
water at x degrees 
  
t_k = 50:10:70; 
c4 = [0.618 0.625 0.629]; 
k=interp1(t_k,c4,x); % Interpolating for thermal conductivity of heavy water 
at x degrees 
  
Pr=(c_p*mu/k); % Prandtl number 
Q = 2*10^6; % [W] Power level of reactor 
G = 235/3600; % [m^3/s] Volumetric flow rate 
Pf = 2.04; % Hot spot factor 
  
q_av = Q.*cos(z_vector)/(z_scalar*N*n*pi*D_o) % [W/m^2] Average heat flux 
from a fuel pin 
q_max = Pf*q_av % [W/m^2] Maximum heat flux from a fuel pin 
figure('name','Maximum heat flux') 
plot(q_max) 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5', '10', '15', 
'20','25','30','35',... 
'40','45','50','55','60','65','70','75','80','85'}) 
ylabel('W/m^2 [C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{Maximum heat flux}','FontSize',16); 
T_out = 56; % [C] 
T_in = 50; % [C] 
  
A =(pi/4)*((d_o)^2-(d_i)^2)-(n*pi/4*D_o^2); % [m^2] Area of fuel bundle, one 
element 
Wd = (pi*d_o+pi*d_i+n*pi*D_o); % [m] Wetted diameter of flow 
D_h = 4*A/Wd; % [m] Hydraulic diameter 
v = (G/N)/A; % [m/s] Velocity through one fuel element 
Re = rho*v*D_h/mu; % Reynolds number 
  
  
% Nusselt number and h calculations 
  
Nu(1) = 0.023*(Re^0.8)*(Pr^0.4) % Dittus-Boelter 
Nu(2) = 0.032*(Re^0.8)*(Pr^0.37)*(D_h/z_scalar)^(0.054) % Nusselt number, 
from Hernes - safety report 
f = ((0.790*log(Re))-1.64)^-2; % Friction factor for smooth tubes from 
Pethukov, Incropera p. 490  Closest to the correlations without friction 
factor, chosen for this reason 
Nu(3) = ((f/8)*(Re-1000)*Pr)/(1+((12.7*(f/8)^0.5)*(Pr^0.66)-1)) % Gnielinski 
p. 515 Incropera 
CO = 1.07 + (900/Re) - (0.63/(1+10*Pr)); 
Nu(4) = ((f/8)*Re*Pr)/(CO + (12.7*(f/8)^0.5)*((Pr^0.66)-1)) % Petukhov Table 
4.4 Kakac 
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B = (D_h/D_o); 
C = 1+(0.912*(Re^-0.1)*(Pr^0.4)*(1-2.0043*exp(-B))); % C is equal to phi in 
formula 
Nu(5) = C*(0.023*(Re^0.8)*(Pr^0.4)) % Markozy p. 446 Nuclear Systems I, 
Finite array "Nu is insensitive to the boundary conditions for Pr>0.7", Nu 
are accurate to within 10 % when P/D > 1.12 
A = 0.144*Re^0.25; 
Nu(6) = (1+(A/(z_scalar/D_h)))*(C*(0.023*(Re^0.8)*(Pr^0.4))) % Entrance 
region effect, p.448 NSI, tubes with bell mouth. For L/D_h > 0.693Re^0.25 
h = k.*Nu/D_h % [W/m^2*K] heat transfer coefficient 
  
TNu = [Nu(1) Nu(2) Nu(3) Nu(4) Nu(5) Nu(6)]; 
xlswrite('Nusselt number',TNu) % Tabulating the Nusselt numbers 
  
Th = [h(1)' h(2)' h(3)' h(4)' h(5)' h(6)']; 
xlswrite('Heat transfer coefficient',Th) % Tabulating the heat transfer 
coefficients 
  
% Iterating for the six different correlations  
  
s = 1; 
for s = 1:6 
    b = [h(1) h(2) h(3) h(4) h(5) h(6)]; 
     
T_clad = (q_max/b(s))+T_out  % Finding the temperature of the cladding 
T_cladreportmean = 78;   % Average cladding temperature from Safety report 
T_cladreportmax = 111    % Maximum cladding temperature from Safety report 
  
% plot(L,T_clad,'-',L,T_cladreportmax,'*'); 
% axis auto 
% legend ('T-clad','T-cladreportmax',5); 
% grid on; 
% ylabel('Tclad [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{Tclad vs. z}','FontSize',16); 
% figure 
  
k_al = 221; % [W/m*K] At 100 degrees Celsius, conductivity coefficient, from 
Hernes. Could possibly be higher, due to maximum heat flux (k at 120 
degrees?) 
  
  
% Temperature inside of the cladding 
T_cladinside = T_clad + 
(log(D_o/D_i)*Q*Pf.*cos(z_vector))/(N*n*2*pi*z_scalar*k_al) % [C] Resistance 
equation, solved for temperature. Page 151 Yunus 
  
  
% plot(L,T_cladinside); 
% legend ('T-cladinside',2); 
% grid on; 
% axis auto 
% ylabel('Tcladinside [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{Tcladinside vs. z}','FontSize',16); 
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% figure 
  
h_He = 2000; % [W/m^2*K] Heat transfer coefficient of He-layer, from Hernes 
dT_He = ((Q*Pf).*cos(z_vector))/(N*z_scalar*n*pi*d_m*h_He) % [C] Temperature 
rise through He-layer, from Hernes 
dT_Hemean = 130; % Average increase in temperature over He-gap from Safety 
report 
dT_Hemax = 266; % Maximum increase in temperature over He-gap from Safety 
report 
  
% plot(L,dT_He,'-',L,dT_Hemax,'*'); 
% legend ('dT-He','dT-Hemax',2); 
% grid on; 
% axis auto 
% ylabel('dT_He [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{dT_He vs. z}','FontSize',16); 
% figure 
  
T_UO2 = T_cladinside + dT_He % [C] Temperature on surface of uranium pin 
T_UO2mean = 197; % Average temperature on surface of fuel pellet, from Safety 
report 
T_UO2max = 366; % Maximum temperature on surface of fuel pellet, from Safety 
report 
  
% plot(L,T_UO2,'-',L,T_UO2max,'*'); 
% legend ('T-UO2','T-UO2max',2); 
% grid on; 
% axis normal 
% ylabel('T_UO2 [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{T_UO2 vs. z}','FontSize',16); 
% figure 
  
k_UO2 = 2; % [W/m*K] Average conduction number for uraniumdioxide-pellet 
T_c = T_UO2 + ((Q*Pf).*cos(z_vector))/(4*pi*N*n*z_scalar*k_UO2) % [degrees C] 
Temperature at centre of fuel pellet 
T_cmean = 622; % [C] Average centre temperature fuel pellet, from Safety 
report 
T_cmax = 1228 % [C] Maximum centre temperature of fuel pellet, from Safety 
report 
  
% plot(L,T_c,'-',L,T_cmax,'*'); 
% legend ('T-c','T-cmax',2); 
% grid on; 
% axis auto 
% ylabel('T_c [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{T_c vs. z}','FontSize',16); 
% figure 
  
% Tabulating the Nusselt number, the T_clad, the T_cladinside, the dT_He, 
% the T_UO2 and the T_c for each Nusselt correlation 
  
Table1(s,1)=max(Nu(s)); 
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Table1(s,2)=max(T_clad); 
Table1(s,3)=max(T_cladinside); 
Table1(s,4)=max(dT_He); 
Table1(s,5)=max(T_UO2); 
Table1(s,6)=max(T_c); 
xlswrite('temperatures2MW.xls',Table1) 
  
figure('name','Temperatures for fuel element') 
   
% Subplotting the temperatures for each Nusselt correlation 
  
subplot(3,2,1), plot(T_clad) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5','','15','','25','','35','',... 
'45','','55','','65','','75','','85'}) 
ylabel('T-clad [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{Tclad vs. z}','FontSize',16); 
  
subplot(3,2,2), plot(T_cladinside) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5','','15','','25','','35','',... 
'45','','55','','65','','75','','85'}) 
ylabel('T-cladinside [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{Tcladinside vs. z}','FontSize',16); 
  
subplot(3,2,3), plot(dT_He) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5','','15','','25','','35','',... 
'45','','55','','65','','75','','85'}) 
ylabel('dT-He [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{dT-He vs. z}','FontSize',16); 
  
subplot(3,2,4), plot(T_UO2) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5','','15','','25','','35','',... 
'45','','55','','65','','75','','85'}) 
ylabel('T-UO2 [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{T-UO2 vs. z}','FontSize',16); 
  
subplot(3,2,5), plot(T_c) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5','','15','','25','','35','',... 
'45','','55','','65','','75','','85'}) 
ylabel('T-c [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{Tc vs. z}','FontSize',16); 
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% subplot(3,2,6), plot(Nu(s),'*') 
% set(gca,'xtick',[]) 
% ylabel('Dimensionless','FontSize',12); 
% title(['Nusselt value = ',num2str(Nu(s),'%.0f')],'FontSize',16); 
  
  
h1 = subplot(321); % For the plotting of the Dittus-Boelter.. 
h2 = subplot(322); % ..to control the axis 
h3 = subplot(323); 
h4 = subplot(324); 
h5 = subplot(325); 
axis([h1 h2],[0 205 85 120]); 
axis([h3],[0 205 130 270]); 
axis([h4],[0 205 220 390]); 
axis([h5],[0 205 600 1300]) 
  
ha = axes('Position',[0 0 1 1],'Xlim',[0 1],'Ylim',[0 1]... 
,'Box','off','Visible','off','Units','normalized', 'clipping' , 'off'); 
% title(['Nusselt value = ',num2str(Nu(s),'%.0f')],'FontSize',16); 
text(0.5, 1,['Temperature distributions for Nusselt value 
',num2str(Nu(s),'%.0f')]... 
,'HorizontalAlignment','center','VerticalAlignment', 'top', 'FontSize',18) 
  
  
s = s+1; % Adding 1 to s for the for loop 
end  
  
'end' %#ok<NOPTS> 
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A2  EXTRAPOLATION TO 5  MW 
 
% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
%    Extrapolating the model of the 2 MW to 5 MW 
%    By Erik Henriksen 
% ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
  
%    Assumptions taken 
% 1. Continuous velocity distribution within shroud 
% 2. The heavy water is always at its liquid phase 
% 3. The shroud surfaces are smooth 
% 4. A fully developed flow 
% 5. Heat flux over element length follows a cosine distribution, implying a 
cosine neutron flux distribution (NSI p. 315) 
% 6. No heat transport in axial direction, fuel pin/diameter >10 neglect the 
axial heat transfer within the fuel relative to the radial (NSI p.316) 
% 7. Average thermal conductivities 
% 8. Inlet water temperature t_in = 50 degrees Celsius 
% 9. Outlet water temperature t_out = 56 degrees Celsius 
% 10. All control rods out of the core, and a hot spot factor of 2.04 
% 11. The fuel is unirradiated 
   
clear all  
  
N = 19;           % Number of fuel elements 
n = 11;           % Number of fuel pins per element 
d_f = 12.8*10^-3; % [m] Diameter of fuel pellet 
D_o = 0.015;      % [m] outer diameter of pin 
D_i = 0.013;      % [m] inner diameter of pin cladding 
d_o = 0.087;      % [m] outer diameter of fuel element 
d_i = 0.041;      % [m] inner diameter of fuel element 
z_v = (-pi*0.325):0.01:(pi*0.325);   % [m] Active length of fuel pin, vector 
z_s = 0.9;         % [m] Active length of pin, scalar 
  
Q = 5*10^6; % [W] Power level of reactor 
G = 235/3600; % [m^3/s] Volumetric flow rate of heavy water 
T_in = 50; % Inlet temperature 
  
q_av = (Q.*cos(z_v))/(N*n*pi*D_o*z_s); % [W/m^2] Average heat flux from a 
fuel pin 
Pf = 2.04; % Hot spot factor 
q_max = Pf*q_av % [W/m^2] Maximum heat flux from a fuel pin 
figure('name','Maximum heat flux') 
plot(q_max) 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5', '10', '15', 
'20','25','30','35',... 
'40','45','50','55','60','65','70','75','80','85'}) 
ylabel('W/m^2 [C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{Maximum heat flux}','FontSize',16); 
  
% Guessing a temperature for the bulk of the water to find 
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% density and specific heat capacity for the T_out calculations 
  
t=60; % The guess at the temperature 
   
% 1-D interpolation 
  
t_rho = 50:2:70; 
c1 = [1095.650 1094.691 1093.733 1092.657 1091.703 1090.513... 
    1089.443 1088.258 1087.075 1085.894 1084.716]; 
rho=interp1(t_rho,c1,t); % Interpolating for density of heavy water at t 
degrees 
  
t_mu = 50:10:70; 
c2 = [651.2*10^-6 551.8*10^-6 475.7*10^-6]; 
mu=interp1(t_mu,c2,t); % Interpolating for dynamic viscosity of heavy water 
at t degrees 
  
t_cp = 50:5:70; 
c3 = [4197.3 4196.4 4196.1 4196.5 4197.5]; 
c_p=interp1(t_cp,c3,t); % Interpolating for specific heat capacity of heavy 
water at t degrees 
  
t_k = 50:10:70; 
c4 = [0.618 0.625 0.629]; 
k=interp1(t_k,c4,t); % Interpolating for thermal conductivity of heavy water 
at t degrees 
  
T_out = T_in + Q/(rho*G*c_p) % Here finding the outlet temperature of the 
water 
  
% After finding the outlet temperature, this is used to 
% find new specs for the heavy water 
  
rhonew = interp1(t_rho,c1,T_out); 
munew = interp1(t_mu,c2,T_out); 
c_pnew = interp1(t_cp,c3,T_out); 
knew = interp1(t_k,c4,T_out); 
  
Pr=(c_pnew*munew/knew); % Prandtl number from T_out 
A =(pi/4)*((d_o)^2-(d_i)^2)-(n*pi/4*D_o^2) % [m^2] Area of fuel bundle, one 
element 
Wp = (pi*d_o+pi*d_i+n*pi*D_o); % [m] Wetted perimeter of flow 
D_h = 4*A/Wp; % [m] Hydraulic diameter 
v = (G/N)/A % [m/s] Velocity through one fuel element 
Re = rho*v*D_h/mu; % Reynolds number 
  
% Nusselt number and h calculations 
  
Nu(1) = 0.023*(Re^0.8)*(Pr^0.4) % Dittus-Boelter 
Nu(2) = 0.032*(Re^0.8)*(Pr^0.37)*(D_h/z_s)^0.054 % Nusselt number, from 
Hernes - safety report 
f = ((0.790*log(Re))-1.64)^-2; % Friction factor for smooth tubes from 
Pethukov, Incropera p. 490   
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Nu(3) = ((f/8)*(Re-1000)*Pr)/(1+((12.7*(f/8)^0.5)*(Pr^0.66)-1)) % Gnielinski 
p. 515 Incropera 
CO = 1.07 + (900/Re) - (0.63/(1+10*Pr)); 
Nu(4) = ((f/8)*Re*Pr)/(CO + (12.7*(f/8)^0.5)*((Pr^0.66)-1)) % Petukhov Table 
4.4 Kakac 
B = (D_h/D_o); 
C = 1+(0.912*(Re^-0.1)*(Pr^0.4)*(1-2.0043*exp(-B))); % C is equal to phi in 
formula 
Nu(5) = C*(0.023*(Re^0.8)*(Pr^0.4)) % Markozy p. 446 Nuclear Systems I, 
Finite array "Nu is insensitive to the boundary conditions for Pr>0.7", Nu 
are accurate to within 10 % when P/D > 1.12 
A = 0.144*Re^0.25; 
Nu(6) = (1+(A/(z_s/D_h)))*(C*(0.023*(Re^0.8)*(Pr^0.4))) % Overall heat 
transfer coefficient, p.448 NSI, tubes with bell mouth. For L/D_h > 
0.693Re^0.25 
h = Nu.*k/D_h % [W/m^2*K] heat transfer coefficient 
  
TNu = [Nu(1)' Nu(2)' Nu(3)' Nu(4)' Nu(5)' Nu(6)']; 
xlswrite('Nusselt values five',TNu) % Tabulating the Nusselt numbers 
  
Th = [h(1)' h(2)' h(3)' h(4)' h(5)' h(6)']; 
xlswrite('Heat transfer coefficient five',Th) % Tabulating the heat transfer 
coefficients 
  
% Iterating for the six different correlations 
  
s=1;     
for s=1:6  
    r = [h(1) h(2) h(3) h(4) h(5) h(6)]; 
     
T_clad = (q_max./r(s))+T_out % Finding the temperature of the cladding 
  
% plot(L,T_clad) 
% grid on; 
% axis normal 
% legend ('T-clad',5); 
% ylabel('Tclad [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{Tclad vs. z}','FontSize',16); 
% figure 
  
k_al = 221; % [W/m*K] At 100 degrees Celsius, conductivity coefficient, from 
Hernes. Could possibly be higher, due to maximum heat flux (k at 120 
degrees?) 
% k_zr = 20.42; % [W/m*K] Zirconium thermal conductivity 
  
% Temperature inside of the cladding 
T_cladinside = T_clad + (log(D_o/D_i)*Q*Pf.*cos(z_v))/(z_s*N*n*2*pi*k_al) % 
[C] Resistance equation, solved for temperature. Page 151 Yunus 
  
% plot(L,T_cladinside) 
% legend ('T-cladinside',2); 
% grid on; 
% axis auto 
% ylabel('Tcladinside [C]','FontSize',12); 
98 
 
% xlabel('Length [m]','FontSize',12); 
% title('\it{Tcladinside vs. z}','FontSize',16); 
% figure 
  
h_He = 2000; % [W/m^2*K] Heat transfer coefficient of He-layer, from Hernes 
d_m = 0.01295; % [m] Mean diameter of He-layer 
dT_He = ((Q*Pf).*cos(z_v))/(z_s*N*n*pi*d_m*h_He) % [C] Temperature rise 
through He-layer, from Hernes 
  
% plot(L,dT_He) 
% legend ('dT-He',2); 
% grid on; 
% axis auto 
% ylabel('dT-He [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{dT-He vs. z}','FontSize',16); 
% figure 
  
T_UO2 = T_cladinside + dT_He % [C] Temperature on surface of uranium pin 
  
% plot(L,T_UO2) 
% legend ('T-UO2',2); 
% grid on; 
% axis normal 
% ylabel('T-UO2 [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{T-UO2 vs. z}','FontSize',16); 
% figure 
  
% Temperature at centre of fuel pellet 
k_UO2 = 2; % [W/m*K] Average conduction number for uraniumdioxide-pellet 
T_c = T_UO2 + (((Q*Pf).*cos(z_v))/(4*pi*N*n*z_s*k_UO2)) % [degrees C] 
Temperature centre(Rafael) 
  
% plot(L,T_c) 
% legend ('T-c',2); 
% grid on; 
% axis auto 
% ylabel('T-c [C]','FontSize',12); 
% xlabel('Length [m]','FontSize',12); 
% title('\it{T-c vs. z}','FontSize',16);    
% figure 
  
% Tabulating the Nusselt number, the T_clad, the T_cladinside, the dT_He, 
% the T_UO2 and the T_c for each Nusselt correlation 
  
Table2(s,1)=Nu(s); 
Table2(s,2)=max(T_clad); 
Table2(s,3)=max(T_cladinside); 
Table2(s,4)=max(dT_He); 
Table2(s,5)=max(T_UO2); 
Table2(s,6)=max(T_c); 
xlswrite('temperatures5MW.xls',Table2) 
Table3=max((q_max/10^6)); 
xlswrite('fluxmax.xls',Table3) 
99 
 
  
figure('name','Temperatures for fuel element') 
  
% Subplotting the temperatures for each Nusselt correlation 
  
subplot(3,2,1), plot(T_clad) 
grid off; 
axis([0 210 80 120]) 
set(gca,'xtick',7:12:200,'xTickLabel',{'5', '10', '15', 
'20','25','30','35',... 
'40','45','50','55','60','65','70','75','80','85'}) 
ylabel('T-clad [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{T-clad vs. z}','FontSize',16); 
  
subplot(3,2,2), plot(T_cladinside) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5', '10', '15', 
'20','25','30','35',... 
'40','45','50','55','60','65','70','75','80','85'}) 
ylabel('T-cladinside [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{T-cladinside vs. z}','FontSize',16); 
  
subplot(3,2,3), plot(dT_He) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5', '10', '15', 
'20','25','30','35',... 
'40','45','50','55','60','65','70','75','80','85'}) 
ylabel('dT-He [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{dT-He vs. z}','FontSize',16); 
  
subplot(3,2,4), plot(T_UO2) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5', '10', '15', 
'20','25','30','35',... 
'40','45','50','55','60','65','70','75','80','85'}) 
ylabel('T-UO2 [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{T-UO2 vs. z}','FontSize',16); 
  
subplot(3,2,5), plot(T_c) 
grid off; 
axis tight 
set(gca,'xtick',7:12:200,'xTickLabel',{'5', '10', '15', 
'20','25','30','35',... 
'40','45','50','55','60','65','70','75','80','85'}) 
ylabel('T-c [deg. C]','FontSize',12); 
xlabel('Length [cm]','FontSize',12); 
title('\it{Tc vs. z}','FontSize',16); 
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% subplot(3,2,6), plot(Nu(s),'*') 
% set(gca,'xtick',[]) 
% ylabel('Dimensionless','FontSize',12); 
% title(['Nusselt value = ',num2str(Nu(s),'%.0f')],'FontSize',16); 
  
h1 = subplot(321); % For the plotting of the Markozy correlation.. 
h2 = subplot(322); % ..to control the axis 
axis([h1 h2],[0 205 130 225]) 
  
ha = axes('Position',[0 0 1 1],'Xlim',[0 1],'Ylim',[0 1]... 
,'Box','off','Visible','off','Units','normalized', 'clipping' , 'off'); 
% title(['Nusselt value = ',num2str(Nu(s),'%.0f')],'FontSize',16); 
text(0.5, 1,['Temperature distributions for Nusselt value 
',num2str(Nu(s),'%.0f')]... 
,'HorizontalAlignment','center','VerticalAlignment', 'top', 'FontSize',18) 
  
s = s+1; % Adding 1 to s for the for loop 
end  
  
'end' %#ok<NOPTS> 
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A3  FUEL CAPSULE INCLUDIN G A CROSS SECTION OF THE SHROUD  
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